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Abstract

Lacunes on magnetic resonance imaging (MRI) are considered as a key hallmark for evaluating the progression and
severity of cerebral small vessel diseases. We aimed to review the MRI diagnostic criteria, frequency, predictors and
clinical impact of incident lacunes in the largest longitudinal studies. Analyses were restricted to cohort studies of more
than 50 individuals that investigated incident lacunes over a duration of at least one year. We observed that: (1) MRI
parameters and definition of lacunes are inconsistent across studies, (2) the frequency of incident lacunes is strongly
related to the previous clinical and MRI status at individual level, (3) both age and hypertension diagnosed at onset
predict incident lacunes but the exact impact of blood pressure level during follow-up remains undetermined, (4) the
clinical correlates of these lesions on cognition are repeatedly observed but the exact consequences on motor or gait
performances are not always evaluated. Homogenization of imaging techniques, the use of strict diagnostic criteria and a
broader clinical assessment considering motor and gait performances should be recommended in future longitudinal

studies of incident lacunes including clinical trials testing preventative treatments in cerebral small vessel diseases.
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Introduction

The word lacune (from the Latin lacuna(ae), a tiny
hole, pit, or cavity) denotes a small, cystic cavity of
the brain substance that usually results from an ische-
mic infarction in the territory of a penetrating arteriole,
much more rarely from a small deep cerebral hemor-
rhage.! The original description of lacunes in the brain
was made at the end of the 19th century by Amedée
Dechambre from La Salpétriére Hospital in Paris and
was confirmed S5years later by Durand-Fardel.”
Durand-Fardel®* clearly distinguished lacunes from
dilated perivascular spaces that lodged blood vessels.
Decades later, Fisher™® reported the relationships
between these small focal cerebral lesions and various
segmental alterations in the wall of cerebral penetrating
arterioles.

At the beginning of the 20th century, gait disturban-
ces and cognitive decline in elderly individuals were
related to the accumulation of multiple lacunes in the
brain by Binswanger and Alzheimer.”® The various
clinical consequences of single lacunes were described
after in individual cases’ and detailed in a large number
of stroke patients by Fisher in 1965 after post-mortem
examination.” From the 80s, lacunes became easily

recognized in living individuals with the development
of imaging techniques, particularly with the growing
use of magnetic resonance imaging (MRI).'%!
They are frequently detected not only in stroke patients
or in patients with dementia but also in the absence of
any clinical event in large population-based studies.
Thus, lacunes were found to be the main source of
so-called “silent infarcts” detected in elderly individu-
als.'” Lacunes of presumed “vascular origin” are now
clearly defined on MRI based on the STandards
for Reportlng Vascular changes on nEuroimaging
(STRIVE) criteria as a round or ovoid, subcortical,
fluid-filled (similar signal as cerebral spinal fluid)
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cavity, of between 3 mm and about 15 mm in diameter,
consistent with a previous acute small deep brain
infarct or hemorrhage in the territory of a perforating
arteriole (Figure 1).! Recent MR data showed that only
50-80% of acute small deep infarcts become cavities,
i.e. lacunes in the brain.'>'> Moreover, ultra-high field
MRI techniques can reveal now microinfarcts resulting
from small vessel disease which were previously invisi-
ble.'® Therefore, lacunes as defined by the STRIVE
criteria may represent only the most severe focal lesions
resulting from a small vessel disease that are visible
using routine clinical MRI scans.

Accumulating evidence shows that the cerebral loca-
tion and number of these lesions mainly explain the
extreme clinical variability related to lacunes observed
at individual level on MRI. The location of a single
lacune within a strategic cerebral arca can have devas-
tating clinical consequences, whereas in other areas,
only subtle or no symptom is observed. On the other
hand, their increasing number appears also clearly
associated with the development of motor disability,
gait disturbances, cognitive decline or dementia in indi-
viduals with sporadic or hereditary cerebral small
vessel diseases (CSVDs).!” 2! Recent data demonstrate
that lacunes as defined on MRI are also strongly relat-
ed to the development of cerebral atrophy®* and that
even a single incident lesion can cause remote thinning
of the cortex mantle.”* Thus, lacunes are now definitely
considered as a key hallmark for evaluating the severity
of CSVD.

Consequently, incident (newly developed) lacunes on
MRI represent a key marker reflecting the progression
of sporadic or hereditary CSVD and might become par-
ticularly useful in future clinical trials or longitudinal
studies.**** The number of incident lacunes can be
used not only after the occurrence of a stroke event or
subcortical vascular cognitive impairment but also at the
earliest stages of CSVD long before the occurrence of
neurological manifestations*®?’ for assessing the efficacy

Figure |. Incident lacunes on Tl-weighted and FLAIR MRI
sequences. Example of two incident lacunes (arrows) that appear
in the paraventricular white matter.

of various therapeutic strategies. In the present review,
the frequency, predictors and clinical impact of incident
lacunes on MRI were analyzed in the largest cohort
studies in the literature.

Methods

Search strategy and selection criteria

A PubMed search has been conducted up to May, 2019
with the following terms (“Lacune*” OR “Lacuna” OR
“Lacunar infarct*” OR “Lacunar infarction*” OR
“Lacunar stroke*” OR “Lacunar lesion*” OR “Small
deep infarct*” OR “Small deep infarction*” OR
“Subcortical infarct*” OR “Subcortical infarction*”
OR “Subcortical stroke*” OR “Small vascular disease
stroke*” OR “Silent brain infarct*” OR “Silent brain
infarction®*” OR “Silent cerebral infarct*” OR “Silent
cerebral infarct*” OR “Silent stroke*”) AND
(“Magnetic Resonance Imaging” OR “MR*” OR
“magnetic  resonance”) AND (“incident” OR
“Incidental” OR “Longitudinal” OR “Follow-up”
OR “long term”). The searches were limited to original
studies relating to human populations and written in
English. The PubMed searches identified 831 articles.
We also searched among all references in these 831
articles for further studies, resulting in another 15 addi-
tional articles.

We chose to analyze in details all longitudinal MRI
studies that investigated incident lacunes over at least
one year in only cohorts of more than 50 individuals.
Cross-sectional studies, computer tomography (CT) stud-
ies, MRI studies with only diffusion-weighted images, case
reports, and studies not reporting incident lacunes were
not included. We also excluded studies on specific disor-
ders such as performed in chronic kidney disease, heart
failure, sickle cell disease, congenital protein C deficiency
or cerebral autosomal-dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL).

Data analysis

A total of 37 articles covering 19 original studies were
deemed eligible according to the previously mentioned
criteria (Supplementary Figure 1 for the flow dia-
gram).!” 120290 Data were reviewed descriptively and
collated in Tables 1 to 3 and Supplementary Tables 1 to 3.

The following aspects were analyzed systematically in
all corresponding papers: MRI definition of lacunes, fre-
quency, predictors and clinical impact of incident lacunes.

Results

Among the 37 articles selected, 17 (46.0%) were from
8 general population-based cohorts, 8 (21.6%) were
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Table 2. Predictors of incident lacunes in population based studies.

REFERENCES OF STUDIES
WITH A SIGNIFICANT ASSOCIATION

BASELINE PREDICTORS

REFERENCES OF STUDIES WITH
NO SIGNIFICANT ASSOCIATION

Age 19, 30, 31, 37
Sex
Male 17
Female 37
Blood pressure
Hypertension 31
Systolic blood pressure 31
Diastolic blood pressure
Mean arterial blood pressure 31
Dyslipidemia
Total cholesterol
Triglycerides 28
High-density lipoprotein 28°
Diabetes
Diabetes 31
Glucose 31
Metabolic syndrome and obesity
Metabolic syndrome 28
Insulin resistance score 28
Insulin
Body mass index
Waist circumference
Waist/hip ratio 28
Smoking
Atrial fibrillation
Previous stroke
Vascular markers
Retinal microvascular abnormalities 32
Carotid atherosclerosis 37
Ankle-arm index 19%
Creatinine 19
MRI markers
White matter hyperintensities
Others
APOEA4 allele
IL-6
CRP
Circulating omega-3 polyunsaturated fatty acids
Hyperhomocysteinemia
Protein intake
Daily activities
Exercise

19, 28, 37
31,37

37
37

37

28
28
28

37
37
31

38

19

31, 37

34

34, 39, 40
33

37

29

19

19

*Predictors with a significant adjusted OR <1.0.

APOEA4: apolipoprotein E4 ; IL-6: interleukin-6 ; CRP: C-reactive protein.

from 6 cohorts of patients who presented with cerebro-
vascular disease, and 12 (32.4%) were from 5 cohorts
of patients who only had vascular risk factors. A single
study was an international cohort study obtained
in different countries,?®*° 5 studies were conducted in
the Netherlands,?” 34143485759 3 i Japan,®'>? 2 in
United States'®!'*?*33 and 2 in United Kingdom.**>*
A single study was performed in each of the following

countries: Iceland,!” France,** Australia,>® Austria,*

China,**° Sweden>>® and Poland.®

MRI parameters

All information about MRI scanners, sequences, and
imaging criteria used for diagnosis of lacunes are
detailed in Supplementary Table 1. MRI magnet field
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Table 3. Continued.

Lacunes

Study name
or center

Reference
number

P-value

freqly (%) Clinical evaluation Testing

FU, y

Population

First author year

Studies in patients with vascular risk factors

>0.05

Mini-mental state examination

Global cognition

8.7

Imamine et al. 201 | Chubu Rosai Age over 45y, with 67

53

score
Word recall-a subtest of

type 2 diabetes

Hospital

>0.05

Verbal memory

mellitus, stroke-

free

Alzheimer’s disease assessment

scale
Digit symbol substitution (DSS)

>0.05

Complex psycho-

test

motor skills
Attention/executive Modified Stroop color word

>0.05

(Stroop) test
Visual elevator test, brixton spatial >0.05

function
Executive function

anticipation test, verbal fluency

test

FU: follow-up; RSS: Rotterdam scan study; ARIC: atherosclerosis risk in communities study; CHS: cardiovascular health study; AGES: age gene/environment susceptibility-Reykjavik study; LADIS:

leukoaraiosis and disability study; PIVUS: prospective investigation of the vasculature in Uppsala seniors study.

strengths varied from 0.35 to 3.0 T. Two centers from
two multi-center studies used a scanner with magnetic
field equal or less than 0.5-T,*** and one study a 3-T
scanner.*® In all other 16 studies, 1.5-T scanners
were used, !7:31:34:36.37.40.42.43,50-52.54-56.58-60 T section
thickness was  thinner  than
studies,!73#36:41:42.55.56.59 yaried from 4 to 6mm in
11 studies,13335374043.50-52.57.58.60 4 was  not
stated in 1 study.®® The in-plane resolution was
described with the corresponding matrix in 11

Studies3l,34,36,37,40,42,43,50752,54,57,58 but was not detailed
in7 studies.17’33‘35"41’55‘56’59"60

4mm in 7

MRI definition of incident lacunes

The definition of lacunes varied among the different
studies (details are given in Supplementary Table 1).
In all studies, incident lacunes were defined as newly
emerged cavities with cerebral spinal fluid intensity that
were hyperintense on T2-weighted images and/or
proton density images, and hypointense on TI-
weighted images and/or T2 fluid-attenuated inversion
recovery (FLAIR) images and analyzed as present or
absent at individual level. In most studies (7 of
8 population-based studies'’?%33-343637:55 and 7 of 11
other studies?®#~#332:38:60) "only focal lesions that were
3mm or larger were considered as lacunes. In some
studies, 19-26:28.36.37:40-43.49.55,58-60 111 nec were consid-
ered for lesions with a maximum diameter of
1020 mm after exclusion of larger or cortical infarcts.
Only in few studies, the methods used to distinguish
lacunes from dilated perivascular (Virchow—Robin)
spaces were described. The definition criteria were
based on the size of lesions (diameter >3 mm for
lacunes to separate them from perivascular
spaces),' 2034425239 the presence of an hyperintense
rim on FLAIR images,'”?®%% the hyperintense
aspect on proton density,>>* and according to the
morphology and location of the lesion (round or ovoid
shape for lacunes in contrast to linear shape along per-
forating arteries for perivascular spaces).****>> After the
STRIVE recommendations were reported in 2013,
common diagnostic criteria of lacunes were used in
all studies' 4?60 with the exception of two reports
in 2014.4°!

Reliability and reproducibility of detection methods

The assessment of reliability and reproducibility both
within and between-centers was sparsely performed.
The intra-observer reliability (k statistics) was reported
only in two studies from 0.84 to 0.95.'”% The inter-
observer reliability was reported in four studies from
0.62 to 0.95'7%3%5 (Supplementary Table 1).
However, none of these studies specifically assessed
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the reproducibility of longitudinal measurements of
lacunes (differences between the baseline and the
follow-up scan).

Frequency of incident lacunes at individual level

Population-based studies. Incident lacunes were detected
at individual level with a frequency ranging
from 1.6% to 20.9% over 3.4 to 10.6 years of follow-
up in eight population-based cohort studies
(Tablel).!7:31:33:34.36.37.40.55 The frequency of incident
lacunes among community residents varied from
0.4% per year in the 477 individuals between 60 and
64 years included in the Austrian Stroke Prevention
Study (ASPS)* to 4.0% per year in the 2612 indepen-
dently living elderly individuals aged from 66 to
97years included in the Age Gene/Environment
Susceptibility-Reykjavik  Study (AGES-Reykjavik)
study from Iceland.!” In three studies of individuals
whose mean age was younger than 64 years, the esti-
mated frequency ranged from 0.4% to 1.9% per
year,>'%4% in five studies of subjects whose mean age
was older than 70 years, this frequency ranged from
1.1% to 4.0% per year.'7-33:3437.35

Cohorts of individuals with cerebrovascular disease. The inci-
dence of lacunes in patients with stroke or transient
ischemic attacks (TTA) largely varied among studies
(Tablel). In a longitudinal single-center investigation
of 60 patients with TIA followed up over oneyear
from United Kingdom, the frequency of incident
lacunes was as high as 36.6% per year.”* Conversely,
in the St George’s Cognition and Neuroimaging in
Stroke (SCANS) study, a longitudinal study of 121
patients with lacunar infarcts and confluent white
matter hyperintensities (WMH) on MRI also obtained
in United Kingdom, the frequency of incident lacunes
was found only 9.5% per year.** A lower frequency of
3.4% per year was reported in 359 patients with stroke
or TTIA from a single center in China participating in
the VITAmins TO Prevent Stroke (VITATOPS)
MRI-Substudy.*’ In patients presenting with CSVD
on imaging, the frequency of incident lacunes was
found 6.0% per year among 396 independently elderly
subjects with WMH recruited from 11 European cen-
ters participating in the Leukoaraiosis and Disability
(LADIS) study.® Two studies of elder patients with
any CSVD on MRI reported the frequency of incident
lacunes as 2.7% and 10.2% per year, respectively.””-*

Cohorts of individuals with vascular risk factors. The frequen-
cy of incident lacunes among 190 Japanese patients
with type 2 diabetes was 4.1% per year in a single
study.®® A close frequency of incident lacunes (3.9%
per year) was found among 131 Japanese patients

with  non-valvular  atrial fibrillation followed
2.7years.’’ Two studies in Netherlands reported the
frequency of incident lacunes in patients with hyperten-
sion. In the hypertension and brain damage (HYBRiD)
study of 90 individuals, a frequency of 1.4% per year
was found.”® Among 126 individuals in the Prevention
of Dementia by Intensive Vascular Care (preDIVA)
trial, the frequency of incident lacunes was 2.3%.%
The Second Manifestations of Arterial Disease-
Magnetic Resonance (SMART-MR) study reported a
similar frequency among 663 Dutch patients with man-
ifest artery disease followed up four years (Tablel).**

Predictors of incident lacunes

Population-based studies. In seven out of eight studies
obtained in the general population'’:!9-28:29-31-34.37-40
information on predictors of incident lacunes were
available. A summary of the main predictors and
their association with incident lacunes is presented in
Table 2.

Age and sex. Age is the most consistent predictor of
incident lacunes. In the Cardiovascular Health Study
(CHS) and the Rotterdam Scan Study (RSS), a signif-
icant association was detected between incident lacunes
and age over a mean follow-up of 5 and 3.4 years with
an odds ratio (OR) ranging from 1.04 (95% confidence
interval (CI): 1.01, 1.07)" to 1.07 (95% CI: 1.03, 1.10,
per decade).’” Among 1112 individuals in the
Atherosclerosis Risk in Communities (ARIC) study
who were evaluated over a median follow-up of
10.6 years, age was also reported to be associated
with incident lacunes.’® The number of subjects with
incident lacunes on MRI was 16.1% between age 55
and 59years, 20.9% between 60 and 64years, and
25.4% between 65 and 72 years.>!

For sex, the results appear inconsistent. An adjusted
risk ratio for incident lacunes of 1.5 (95% CI: 1.1, 1.9)
was related to the male sex in the 2612 individuals of
the AGES-Reykjavik study.!” Conversely, an adjusted
OR of 1.63 (95% CI: 1.01, 2.65) for female sex was
detected among 668 individuals included in the
RSS.?” The sex impact was not investigated in most
other studies,'?-2%-2%-3134.40

Blood pressure. In cross-sectional studies, hyperten-
sion was strongly associated with the prevalence of
lacunes.®’*%> Consistently, in longitudinal studies,
hypertension at baseline was also found independently
associated with incident lacunes in the ARIC study
(adjusted OR (95%CI): 1.58 (1.08, 2.30)).*! Systolic
blood pressure (SBP) was investigated in 3/7 studies
at population level. Only in the ARIC study,’' SBP
at baseline was found to predict incident lacunes.
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The significant results obtained after adjustment for age,
sex and race (OR: 1.54 (1.25, 1.90)) in 1113 individuals,
were no longer significant after further adjustment for
education, coronary artery disease, alcohol use and
tobacco use (1.20 (0.97, 1.48)).% In the RSS and CHS
cohorts, no significant association between SBP and
incident lacunes was detected.'”?” The association
between diastolic blood pressure (DBP) and incident
lacunes was not found significant either.*'-’

Dyslipidemia, diabetes and metabolic syndrome.
Vascular risk factor including dyslipidemia, diabetes
and metabolic syndrome was found to raise the risk
of incident lacunes, but less consistently.

The potential impact of dyslipidemia was investigat-
ed in two studies.”®?” In the ARIC study, an increased
risk of incident lacunes was observed with the level of
triglycerides (adjusted OR (95%CI): 1.24 (1.04, 1.47))
and reduced risk with that of high-density lipoprotein
(adjusted OR (95% CI): 0.77 (0.59, 0.99)).?® However,
in the RSS, no significant association was observed
with the level of total cholesterol or high-density lipo-
protein was found.?’

The diagnosis of diabetes was significantly associat-
ed with incident lacunes (adjusted OR (95%CI): 1.96
(1.23, 3.10)) in the ARIC study,*! whereas only a trend
was observed in the RSS cohort after adjustment
(adjusted OR (95%CI): 2.29 (0.98, 5.32)).*” A signifi-
cant increase of incident lacune with the level of fasting
glucose was also reported in the ARIC study (adjusted
OR (95%CI): 1.27 (1.10, 1.46)). In the same cohort, a
significant association between incident lacunes and the
insulin resistance score (adjusted OR (95%CI): 1.33
(1.05, 1.68)) was also observed.”® More specifically,
individuals in the highest tertile for both fasting
blood glucose and systolic blood pressure at baseline
had a risk of incident lacunes increased by 3.68 times
(adjusted OR 95% CI: 1.89, 7.19) compared to subjects
in the lowest tertile for both conditions.?'

The metabolic syndrome (clustering of central obesity,
hypertension, hyperglycemia, and dyslipidemia) (adjust-
ed OR (95%CI): 1.98 (1.28, 3.05)) with central obesity
measured by the waist/hip ratio (adjusted OR (95%CI):
1.30 (1.03, 1.65)) but not by the waist circumference
alone (OR (95%CI): 1.05 (0.89, 1.25)) or body mass
index (OR (95%CI): 1.01 (0.84, 1.21)) were also found
associated with incident lacunes in the ARIC study.?®

Smoking, atrial fibrillation and previous history of
stroke. Studies selected in the review suggested that
effects of vascular risk factors such as smoking, atrial
fibrillation and previous history of stroke on incident
lacunes might be less than anticipated. A previous his-
tory of stroke was not found associated with incident
lacunes in the ARIC study (adjusted OR (95%CI): 1.02

(0.33, 3.11)).*" In the RSS, current smoking (OR (95%
CI): 1.10 (0.56, 2.14)) or atrial fibrillation (OR (95%
CI): 0.68 (0.15, 3.23))*” was not found associated with
incident lacunes.

Vascular and MRI markers. The association between
incident lacunes and markers of vascular alterations or
MRI lesions was found relatively consistent.

A significant association between retinal hemor-
rhages and incident lacunes was observed in the
ARIC study with OR as high as 3.25 (95%CI: 1.18,
8.92).*? In line, individuals with the largest venular
diameters had a trend to develop more incident lacunes
in the RSS cohort (OR (95%CI): 1.24 (0.72, 2.12))®
suggesting that some pathophysiological processes
underlying diabetic and hypertensive retinopathy are
shared by CSVD.*

In the RSS study, carotid atherosclerosis was also
identified as a significant predictor of incident lacunes
for both carotid intima media thickness (OR: 1.27 per
SD (95%CI: 1.01, 1.61)), and the presence of carotid
plaques (OR: 1.17 (95%CTI: 1.00, 1.37)).>” Moreover, in
the CHS, peripheral arterial alterations measured by
the ankle-arm index was also found to be an indepen-
dent risk factor of incident lacunes (adjusted OR (95%
CI): 0.36 (0.14, 0.88))."

At the cerebral level, tissue lesions related to the
presence of CSVD as the severity of WMH observed
at baseline was found to predict incident infarcts in the
CHS cohort (per grade adjusted OR (95%CI): 2.09
(1.21, 3.60))." In line, at the kidney level, a significant
association was reported between creatinine level pre-
sumably related to small vessel alterations and incident
lacunes (adjusted OR (95%CI): 1.57 (1.40, 1.75))."

Patients with cerebrovascular disease. In elderly subjects
with  MRI, white-matter hyperintensities from the
LADIS study, systolic blood pressure, high-density
lipoprotein, baseline lacunes and baseline white
matter hyperintensities were found to be independent
predictors of incident lacunes (adjusted OR (95%CI):
2.1 (1.4, 3.3),0.5(0.3,0.7), 1.2 (1.0, 1.3) and 2.1 (1.2,
3.6), respectively) (Supplementary Table 2).%°
However, an unexpected negative association was
also detected with high values of diastolic blood pres-
sure (adjusted OR (95% CI): 0.6 (0.4, 0.9)) and of low-
density lipoprotein (adjusted OR (95%CI): 0.5 (0.3,
1.0)) in the same analysis.®> In contrast, age, female
sex, previous stroke, hypertension, total cholesterol,
triglycerides, diabetes, glucose, body mass index, smok-
ing, atrial fibrillation and myocardial infarction
were not found significant in multivariate analysis.*
In patients with CSVD, the Radboud University
Nijmegen Diffusion Tensor and Magnetic Resonance
Imaging Cohort (RUN DMC) study found that plasma
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Ap38 levels were independently associated with incident
lacunes,” and the Significance of Haemodynamic and
Haemostatic Factors in the Course of Different
Manifestations of Cerebral Small Vessel Disease (SHEF-
CSVD) Study reported that homocysteine and Z-score for
a set of markers related to systemic inflammation were
associated with incident lacunes.”® In patients with
stroke or TTA, the results of the VITATOPS study have
not shown that the pre-stroke status* or B-vitamin sup-
plementation® were associated with incident lacunes.

Patients with vascular risk factors. In patients with manifest
arterial disease of the SMART-MR study, age, male
sex, cerebrovascular disease*® and hyperhomocysteine-
mia*’ were found to be independent predictors of inci-
dent lacunes (adjusted OR (95%CI): 4.61 (2.06, 10.33),
3.29(1.84, 5.86), 2.15 (1.01, 4.58) and 1.19 (1.10, 3.60),
respectively) (Supplementary Table 3). Other risk fac-
tors such as the parenchymal cerebral blood flow,*
number of organ damage related to hypertension,**
stiffening of carotid arteries*> and serum angiotensin-
converting-enzyme were not.*® The same study further
found that hyperhomocysteinemia was only indepen-
dently associated with incident lacunes in the basal
ganglia. In contrast, hypertension and progression of
WMH volume were independent risk factors for inci-
dent lacunes in the deep white matter.”’ In a single
study of type 2 diabetic patients, a significant associa-
tion between the baseline serum level of soluble inter-
cellular adhesion molecule-1 whose expression is induced
by elevated blood glucose in the vascular endothelium
(1.67 (95% CI 1.02 to 3.05)) and incident lacunes were
found at six-year follow-up; however, the significant
association between baseline high-sensitivity C-reactive
protein levels (1.54 (95% CI 1.01 to 2.36)) and incident
lacunes was only found at three-year follow-up.’* In a
single study of patients with atrial fibrillation, the
number of cerebral microbleeds at baseline was signifi-
cantly associated with the occurrence of incident lacunes
(hazard ratio (HR), 5.414; 95% CI 1.03-28.43).>! In the
preDIVA trial performed in patients with hypertension,
no significant effect of long-term multidomain intensive
vascular care (OR (95%CI): 2.2 (0.4-12.1)) was detected
on incident lacunes.*'

Clinical impact

The clinical significance of incident lacunes was finally
depicted in five population-based studies, in a single
study of patients with cerebrovascular disecase and in
another one of patients with vascular risk
factors! 718:26:3137:53.55 Ty ple 3).

Stroke and other vascular events. As expected, a strong
association was observed between incident lacunes

and incident stroke in the 1112 subjects without any
history of stroke included in the ARIC study, incident
lacunes were found associated with the occurrence of
stroke during the follow-up (adjusted OR (95%CI):
19.4 (6.41-58.70)).>' More interestingly, in participants
without adjudicated stroke or TIA but with a progres-
sion of covert MRI-defined brain vascular disease
including the occurrence of incident lacunes, an
increased risk of incident heart failure, stroke, and
death was observed in the CHS study.'®

Cognitive decline. Evidence from two population-based
studies supports that incident lacunes may have an
important role in the development of cognitive decline
and decrease of motor performances.'”*” The results of
AGES-Reykjavik study showed that after adjustment
for age, sex, and time interval between MRI scans, the
risk of incident dementia became 50% higher when
incident lacunes are detected.'” Incident lacunes
were also associated with the global cognitive and psy-
chomotor speed decline but not with memory perform-
ances or incident dementia in the RSS cohort.?’
The Prospective Investigation of the Vasculature in
Uppsala Seniors (PIVUS) study showed that incident
lacunes in individuals aged 75-80 years were associated
with impairment of executive function examined by the
Trail Making Tests A.>°> This impact was also con-
firmed in patients with WMH in the LADIS study
where an association of incident lacunes with decline
in speed motor control or with executive functions after
three years.”® No association was detected between
incident lacunes and cognitive tests in type 2 diabetic
patients evaluated in a single Japanese study.’”

Discussion

This review shows that the methods reported for assess-
ing incident lacunes on MRI in the literature are largely
heterogeneous. Three major sources of heterogeneity
are identified in line with the results of a comparative
analysis obtained at cross-sectional level by Zhu et al.®
First, variable sequence parameters were chosen for
MRI examination in different centers and specific
efforts of homogenization between centers or between
repeated examinations were not systematically
reported.®* Protocol harmonization is however crucial
in multicenter and longitudinal studies to obtain
sequences with acquisition parameters as close as pos-
sible for comparative assessment. Also, MRI data were
not constantly acquired at high resolution and only a
single study was performed at 3 Tesla which is better
for detecting millimetric lesions in the clinical setting.®®
A gap between slices was even present in 32% of stud-
ies. Second, variable diagnostic criteria were chosen for
identifying lacunes which were also based on a variable
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number of sequences among studies. In the CHS study,
the definition of lacunes even differs between the white
and gray matter (Supplementary Table 1). Besides, the
reproducibility of longitudinal measurements was
sparsely evaluated and the assessment of incident
lesions was never described in details. Third, variable
strategies were used for separating small cavities sec-
ondary to infarctions from dilated perivascular
(Virchow—Robin) spaces. Moreover, although the com-
bination of both lesions is strongly increasing with
age,’"*>% their distinction was not even considered
in 43% studies. This task is obviously needed for reduc-
ing misclassification of lacunes on imaging data
but remains challenging and time-consuming.®
Automated and validated image-processing methods
are not available yet for this purpose although prom-
ising techniques are emerging.®*®’

Despite these limitations, data from the present
review show that the occurrence of incident lacunes
may widely vary among different populations.
Variations related to the different MRI parameters
and diagnostic criteria, alone, cannot explain the
large differences detected between the frequency of
incident lesions in population-based studies from 0.5
to 4%, in individuals with only vascular risk factors
from 2.3 to 4.1% and in patients with cerebrovascular
disease from 2.7 to 36.6%. This discrepancy might
rather reflect different stages of the underlying CSVD
in different samples. In the largest cohorts obtained
from the general population, the effect of aging on
incident lacunes was found highly significant.’”*
In the ARIC study, data support even an exponential
increase of lacunes with aging after 60 years of age.”'
This is in line with the strong association repeatedly
observed at cross-sectional level between age and the
prevalence of lacunes.®!

In population-based studies, various risk factors
were also found to predict incident lacunes on MRI
independently of age such as hypertension, diabetes,
metabolic syndrome or obesity detected at baseline.?®!
Some vascular markers were also found significantly
related to incident lacunes. Thus, alterations of the ret-
inal microvasculature®” as well as alterations in the wall
of carotid®” or peripheral arteries'® were found associ-
ated with the occurrence of lacunes at the cerebral level.
This further supports diffuse vascular changes related
to common etiological factors in CSVD. The results
observed for sex, blood pressure measures and dyslipi-
demia are inconsistent across studies'”"'*?%3137 byt a
real impact cannot be ruled out. The effects of such
factors may largely vary according to the selected
sample, duration of exposure and preventive treat-
ments currently used during follow-up. The variable
methods, diagnostic criteria, sample size and adjust-
ments may also account for these discrepancies.

Noteworthily, the potential relationships between the
exact blood pressure level during follow-up and the risk
of incident lacunes were not previously investigated.
The lack of association with a previous history of
stroke, smoking, atrial fibrillation or inflammatory bio-
markers suggest that these factors might reflect other
mechanisms, have changed during follow-up or have
only small and undetectable effects due to the various
limitations described above. On the other hand, the
strong association between incident lacunes and prev-
alent WMH and lacunes indicates that at a certain
stage of CSVD, the pathogenic mechanism leading to
the accumulation of cerebral lesions may either accel-
erate or become self-reinforcing leading to an exponen-
tial progression of focal ischemic lesions.

The clinical impact of incident lacunes was in line
with data obtained in previous cross-sectional studies.
In the AGES-Reykjavik cohort from the general pop-
ulation, incident lacunes were found related to an
increased risk of dementia.!” These results are similar
to those obtained in two earlier cross-sectional studies
in which the overall lacunes were shown to increase the
risk of dementia.®*® In the RSS, PIVUS and LADIS
studies, incident lacunes participated in the reduction
of mental and motor speed and in the alteration of
executive functions, while memory was essentially
unaffected. These findings are consistent with previous
cross-sectional studies showing that the load of lacunes
was associated with poorer executive abilities but not
with memory performance in elderly populations.”®”!
This pattern of cognitive changes is possibly related to
the preponderance of lacunes in the anterior and cen-
tral subcortical areas and to the lack of lesions in the
hippocampus related to CSVD.'*7* Nevertheless, all
these results support that accumulation of lacunes
can play a causative role in cognitive decline.**
In line, accumulating evidence suggests that incident
lacunes may also have a major impact on the cortex
function and integrity.?**® Interestingly, the associa-
tion between incident lacunes and cognitive perform-
ances is not constantly detected. In the RSS cohort,
incident lacunes were not found associated with
global cognitive changes.’” Another study of elderly
subjects with diabetes also failed to show a significant
association between incident lacunes and cognitive
decline.”® Multiple factors may explain this discrepancy
as differences in study samples, risk factor distribu-
tions, imaging techniques and also the number of inci-
dent lacunes during follow-up and their exact location.

In conclusion, this review suggests that the frequen-
cy of incident lacunes is strongly related to the previous
clinical and MRI status, and that both age and hyper-
tension diagnosed at baseline are major predictors of
such lesions. A potential influence of systolic or diastol-
ic blood pressure level at onset remains uncertain and
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the impact of blood pressure during follow-up has not
been investigated. Their clinical impact on cognition
was repeatedly observed but their exact consequences
on motor or gait performances or on other skill would
need further investigations. Efforts of homogenization
in imaging techniques and strict diagnostic criteria as
following STRIVE standards are needed for evaluating
the risk factors and natural history of incident lacunes
on MRI. The assessment of incident lacunes should not
present major technical difficulties and might become
an important marker to follow objectively the progres-
sion of CSVDs and the effect of future preventative
treatments of CSVD.
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