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Abstract

Background: Silent brain infarcts are detected by neuroimaging in up to 20% of asymptomatic patients based on
population studies. They are five times more frequent than stroke in general population, and increase significantly
both with advancing age and hypertension. Moreover, they are independently associated with the risk of future
stroke and cognitive decline.
Despite these numbers and the clinical consequences of silent brain infarcts, their prevalence in Mediterranean
populations is not well known and their role as predictors of future cerebrovascular and cardiovascular events in
hypertensive remains to be determined.
ISSYS (Investigating Silent Strokes in Hypertensives: a magnetic resonance imaging study) is an observational cross-
sectional and longitudinal study aimed to: 1- determine the prevalence of silent cerebrovascular infarcts in a large
cohort of 1000 hypertensives and to study their associated factors and 2-to study their relationship with the risk of
future stroke and cognitive decline.

Methods/Design: Cohort study in a randomly selected sample of 1000 participants, hypertensive aged 50 to
70 years old, with no history of previous stroke or dementia.
On baseline all participants will undergo a brain MRI to determine the presence of brain infarcts and other
cerebrovascular lesions (brain microbleeds, white matter changes and enlarged perivascular spaces) and will be also
tested to determine other than brain organ damage (heart-left ventricular hypertrophy, kidney-urine albumin to
creatinine ratio, vessels-pulse wave velocity, ankle brachial index), in order to establish the contribution of other
subclinical conditions to the risk of further vascular events. Several sub-studies assessing the role of 24 hour
ambulatory BP monitoring and plasma or genetic biomarkers will be performed.
Follow-up will last for at least 3 years, to assess the rate of further stroke/transient ischemic attack, other
cardiovascular events and cognitive decline, and their predictors.

Discussion: Improving the knowledge on the frequency and determinants of these lesions in our setting might
help in the future to optimize treatments or establish new preventive strategies to minimize clinical and
socioeconomic consequences of stroke and cognitive decline.
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Background
Hypertension is the most important modifiable vascular
risk factor for stroke and it is commonly widespread in
the aging population.
For a long time, treatment for hypertension has been

focused on blood pressure (BP) levels as the main mea-
sure to determine the need and type of treatment. This
approach has changed over the past years, emphasizing
that diagnosis and treatment should be based on the
quantification of global cardiovascular risk. According to
the European guidelines on hypertension [1], common
variables used to stratify risk are based on the presence
of vascular risk factors (family history of premature car-
diovascular disease, smoking habits, glucose and lipid
parameters) plus further identification of clinical or sub-
clinical target organ damage. Hypertension-related dis-
ease in several organs might indicate progression and
markedly increase the risk beyond that caused by the BP
levels or risk factors presence.
Since evidences advise for different goals of treatment

in high risk individuals as compared with lower risk hy-
pertensives [1], whenever possible, it is recommended to
measure target organ damage in different tissues (i.e.
heart, blood vessels, kidney and brain) because multiorgan
damage is associated with worse prognosis [2]. Many
different markers have been already described, such as
electrocardiographic/echocardiographic markers, intima
media thickness, pulse wave velocity as a marker of arter-
ial stiffness or markers of endothelial dysfunction, among
others, that can be useful identifying target organ damage.
The main limitations are of course, costs and availability
of diagnostic procedures and particularly for subclinical
conditions, there is still limited knowledge on their pre-
dictive capacity for risk evaluation.
Regarding brain as hypertension target organ, subclin-

ical or “silent” vascular brain lesions (i.e. infarcts, micro-
bleeds, white matter changes) are often detected by
neuroimaging in asymptomatic patients. Specifically,
silent brain infarcts are five times more frequent than
stroke in general population, and increase significantly
both with advancing age and hypertension [3]. The term
“silent” might not be entirely appropriate since these
lesions could be often associated with unnoticed or sub-
tle symptoms in patients that never asked for an evalu-
ation, making impossible a diagnosis of stroke. The
prognosis associated with these “silent” infarcts is not
favourable at all, and their presence independently pre-
dicts further stroke and cognitive decline [4,5]. For all
these reasons, silent brain infarcts have been recently
included in the AHA Updated definition of stroke, thus
emphasizing their clinical relevance [6]. This will have
important consequences in public health, as it is
expected to largely increase stroke prevalence. Moreover,
their detection might have the potential to improve the

selection of patients at higher risk for future stroke and
cardiovascular events, who might benefit from more
aggressive preventive treatments.
Hypertension has been related not only to the pres-

ence of silent vascular brain lesions but to the appear-
ance of new lesions on follow-up, which can occur in up
to 40%, considering progression of white matter changes
[7]. Interestingly, this effect on progression is much
more relevant at younger or midlife patients than later
on [7,8]. Therefore, preventive strategies should pay
much more attention to younger subjects, who are likely
to have long term exposure to an increased risk in the
following years [1].
Studies focusing on hypertensive participants have been

performed, and reported a prevalence of silent brain
infarcts that ranges from 20 to 86% of subjects aged 40 to
88 years old. Of note, most of these studies have included
mainly Japanese populations, whereas data on Mediterranean
Caucasian populations is still limited [7].
With this background, the ISSYS is designed as a

cross-sectional and longitudinal study aimed to: (1) in-
vestigate the prevalence of silent cerebrovascular lesions,
as signatures of brain organ damage, in a cohort of mid-
dle and advanced aged (50–70 years old) caucasian
Mediterranian hypertensives and (2) to study their rela-
tionship with the risk of future stroke and cognitive
decline.

Methods/Design
ISSYS (Investigating Silent Strokes in Hypertensives: a
magnetic resonance imaging study) is an observational
cross-sectional and longitudinal study aimed to deter-
mine the prevalence of silent cerebrovascular lesions in
a large cohort of hypertensives and to study their associ-
ated factors.
On baseline all participants will be also tested to deter-

mine other than brain (vascular, kidney, heart) organ
damage, in order to establish the contribution of other
subclinical conditions to global vascular risk.
Follow-up is planned to last for at least 3 years, to assess

the rate of further Stroke/TIA and cardiovascular events
as well as cognitive impairment, and their predictors.

Subject selection
The basic design of ISSYS is a cohort study among
87000 persons aged 50 to 70 years old and living in the
district of the north metropolitan area of Barcelona
(SAP Muntanya). This site was chosen for several rea-
sons. First, in the Primary Healthcare system there is a
computer-based registry for all patients in this area who
mainly attend these services rather than other private
options. Second, the study is coordinated between the
Primary HealthCare services in this area and the re-
searchers from Research Institute and Vall d’Hebron
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Hospital, which is the public health tertiary reference
centre for this area.
The study is carried out in patients diagnosed of es-

sential hypertension who are routinely attended by gen-
eral practitioners. According to the registry, around
27000 participants could be eligible for the study, since
they are hypertensives and stroke-free and have been
randomized after stratification by age, gender and preva-
lence of hypertension covering all the area.
After randomization, patients have been invited by

phone to participate in the study and scheduled for a
baseline evaluation at their own Primary Care centre.
Estimated sample size will be 1000 participants, who

will be enrolled during 18 months and then participants
will be followed-up, for at least three years.
The study protocol has been approved by the Ethics

Committee of Vall d’Hebron Hospital and IDIAP Jordi
Gol (University Research Institute in Primary Care).

Baseline visit and procedures
Inclusion and exclusion criteria
At inclusion visit, fulfilment of inclusion and exclusion
criteria is re-assessed by investigators. Briefly, inclusion
criteria consists on: 1)Patients with essential hyperten-
sion diagnosed at least one year earlier; 2) Age com-
prised between 50 and 70 years; 3) Patients who give
their consent to participate in the study.
Patients are excluded when: 1) they have history of

previous stroke or dementia; 2) Brain MRI is contraindi-
cated; 3) there is a suspicion of white coat hypertension
syndrome or 4) patients affected by a terminal illness

preventing future follow-up examinations, based on the
investigator criteria.
A particular effort is made to rule out the presence of

a previous stroke, and for that purpose investigators are
trained and an adaptation of the Stroke Symptom Ques-
tionnaire by Berger K and collaborators is used [9].
Likewise, when a suspicion of dementia appears, fol-

lowing DSM-IV-R criteria [10] the patient is not in-
cluded in the study and a proper evaluation in the
presence of a caregiver is therefore recommended.

Clinical data collection
All procedures for baseline and follow-up visits are sum-
marized in Figure 1.
After inclusion, the participant is asked about demo-

graphical and personal medical history. Briefly, demo-
graphical information includes age, gender, ethnicity,
current or former occupation, and the maximum educa-
tional level (or completed years of schooling) achieved
by the patient.
Regarding medical history, the participant is asked

about the duration of hypertension, the presence of
other vascular risk factors such as diabetes mellitus,
hyperlipidemia, alcohol intake (grams per week), smok-
ing habit (current, former, never) and family history of
premature vascular disease and dementia in first grade
relatives.
Also a directed questioning is performed to assess for

the existence of an established cardiovascular, kidney or
systemic disease, together with the history of retinal ab-
normalities or the presence of a sleep apnea syndrome.

Figure 1 ISSYS procedures and outcomes for baseline and follow-up visits.
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Global vascular risk is calculated applying the SCORE
risk charts and Framingham-calibrated REGICOR func-
tion when appropriate [11,12].
Data concerning ambulatory and home blood pressure,

home medication and treatment adherence is collected.
To evaluate treatment adherence, the validated question-
naire published by Morisky and collaborators [13] is
used. Briefly, this scale was developed to assess treat-
ment compliance in hypertension and currently is used
in many other chronic conditions. It consists in 4 ques-
tions, with yes/no answers which should be asked along
the clinical interview, and reflect the patient’s attitude
towards treatment. It is useful to find out whether or
not the patient is a good complier and the causes for
non-adherence.
Finally, the clinical interview ends with two self-

administered questionnaires assessing life-style habits
(physical activity and diet). Physical activity is evaluated by
means of the International Physical Activity Questionnaire
(IPAQ) [14] and dietetic habits are evaluated with a short
questionnaire on frequency of dietary intake [15].

Physical examination and vascular testing
Regarding physical examination, some measures are
taken and recorded such as height, weight, waist circum-
ference and BP (mean of the last two out of three mea-
surements after five minutes rest).
Plus, a standard 12-lead ECG is performed to assess

for signs of left ventricular hypertrophy (single measure-
ment of R wave in aVL [16]) and heart rhythm disorders.
Afterwards, vascular testing is performed with the

Vicorder™ device (Skidmore Medical Ltd, Bristol, UK).
The Vicorder™ is small, portable, non-invasive and non-
operator dependent device suited for use in community
based studies [17]. This system provides two BP meas-
urement channels and two Photoplethysmography (PPG)
channels for the measurement of blood flow.
Briefly, two measurements are taken for each patient:

carotid-femoral pulse wave velocity (cf-PWV) and the
ankle-brachial index (ABI).
Cf-PWV is measured as the best approximation of aor-

tic pulse wave velocity (aPWV), a marker of arterial stiff-
ness. For the measurement, the patient should be resting
in a supine position, with the head and shoulders raised
by about 30 degrees allowing venous return from the
brain and avoiding signal contamination by the Jugular
vein. A neck-pad should be placed at the lower centre
part of the Right Common Carotid Artery as tightened
as possible without discomforting the patient. A distal
BP cuff should be located on the ipsilateral upper thigh,
as high to the groin as possible. The neck-pad and thigh
cuff are inflated by the Vicorder to 60 mmHg and then
deflated to obtain a pressure tracing. Cf-PWV is calcu-
lated by the Vicorder by comparing carotid and femoral

pressure tracings after a stable pattern is obtained. Then,
cf-PWV is defined as the ratio of the distance between
the carotid and the thigh position and the time it takes
for the pulse wave to travel from the proximal to the
distal locations. For anatomical reasons, the distance
between suprasternal notch and the centre of femoral
cuff is chosen as the best estimation of the distance
between the two arterial sites.
ABI is measured according to the current guidelines of

the American Heart Association for each side as the
ratio of the highest systolic BP of each ankle and the
highest systolic BP of both upper limbs [18]. The lowest
of the right and left ABI values will be used.
In this case, systolic BP is determined by PPG, and as

it has been previously described [19]. PPG is a fast and
accurate technique and can be considered a good alter-
native to Doppler ABI measurement. Both sides can be
examined simultaneously. Briefly, a cuff is placed around
the limb of interest and a PPG signal is obtained distal
to the cuff. Then, the cuff is inflated to a pre-defined
target pressure and afterwards the cuff will automatically
bleed pressure and the PPG signal reappears when the
systolic BP is reached.

Cognitive assessment
On baseline, all patients will be evaluated by means of
the Dementia Rating Scale-2 developed by Mattis, which
is a screening tool for dementia and mild cognitive
impairment. Our complete cognitive assessment proto-
col on baseline and follow-up has been published in
detail previously [20].

Laboratory testing
A blood sample will be drawn after overnight fast where
the basic hematology (hemoglobine, leukocyte and platelet
count) and biochemistry profile (glucose, total cholesterol,
creatinine, sodium, potassium and liver function) are de-
termined. Also, plasma and serum will be obtained on
baseline visit after 15 minutes centrifugation (3500 rpm)
and frozen at −80°C for future biomarker determination.
DNA and RNA will be also obtained and stored for further
studies.
Finally, a urine sample will be collected and sent to

central laboratory for albumin to creatinine ratio (UACR)
determination.

Neuroimaging protocol
A brain MRI with a pre-stablish data acquisition proto-
col (Table 1) will be performed within the next month
after study entry. All examinations will be performed
with the same 1.5 Tesla MR (Signa HDx 1.5, General
Electrics, Waukeska, WI). MR will include axial and
sagittal T1 weighted images. Midline sagittal images will
be used to identify the anterior-posterior commissure
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line, along which all oblique axial images are aligned.
Also, Axial Propeller T2-weighted images, axial fluid-
attenuated inversion recovery (FLAIR) and axial GRE
images will be obtained. Images will be displayed on
workstations monitors to be evaluated by trained readers
blinded to patients’ characteristics. All images will be
primarily assessed by two neuroradiologists and in a sec-
ond term by the same readers plus an experienced
stroke neurologist. Intra and inter-reader concordance
will be provided for all lesions of interest and disagree-
ments in assessment will be solved by consensus.
Silent brain infarcts will be defined as previously [21]

as lesions of ≥ 3 mm in diameter in their widest dimen-
sion, with cerebrospinal fluid signal characteristics in all
pulse sequences, and with a hyperintense rim surround-
ing the lesion in FLAIR images. A particular effort will
be made to differentiate these cavitated lacunes from
large dilated perivascular spaces for lesions >3 mm,
based on location criteria. Lesions located in areas with
high prevalence of enlarged perivascular spaces, such as
the lower third of basal ganglia will not be considered as
infarcts. Anatomical localization for infarcts will be
recorded as cortical, subcortical, basal ganglia, brainstem
and cerebellum and number of lesions will be counted
in case of multiple lesions.
An additional analysis will be performed for lacunar

infarcts, defined as those of minimum 3 mm diameter
and maximum 20 mm, located at the basal ganglia, in-
ternal capsules, thalamus, deep cerebral white matter
and brainstem. An infarct located in the cortex, even if
it reaches the subcortex will be recorded as cortical.
White matter hyperintensities will be rated according

to the Age-related white matter changes (ARWMC)
scale developed by Wahlund and col [22] that assesses
presence and severity of white matter changes in the
frontal, parietooccipital, temporal, basal ganglia and
infratentorial areas separately in each hemisphere, ran-
ging from 0 to 30 points.
Enlarged perivascular spaces (EPVs) or Virchow-Robin

spaces will be defined as small (<3 mm), sharply delin-
eated structures of cerebrospinal fluid (CSF) intensity

following the course of perforating vessels and will be
rated in T2-weighted images at the centrum semiovale,
basal ganglia and midbrain following the scale reported
by Doubal and collaborators [23]. Briefly, for basal gan-
glia and centrum semiovale, the rating will be as follows:
0: Absent; 1: Mild (from 1 to 10 EPVs); 2: Moderate
(from 11 to 20 EPVs); 3: Frequent (from 21 to 40 EPVs);
4: Severe (more than 40 EPVs). For midbrain a rating of
0 will be considered when no EPVs is visible, and a rat-
ing of 1 when they are visible. For rating purposes, both
hemispheres will be considered separately and the
highest score of them will be chosen.
The presence of brain microbleeds, together with their

number and location will be recorded following the
Brain Observer Microbleed Scale (BOMBS) scale devel-
oped by Cordonnier and collaborators [24].
Representative MRI images for the lesions of interest

are shown at Figure 2.

Follow-up visits
The participants will be contacted yearly by phone, one
and two years after the inclusion visit. They will be asked
about BP control, appearance of new vascular risk factors,
and the presence of stroke/TIA or new vascular events. In
case of any event has occurred, this will be verified by
checking clinical records from their family doctors and
hospital records. Participants will also be asked about
medical treatment adherence using the same question-
naire performed at baseline and treatment adverse events.
Finally, three years after inclusion a new visit is

planned by the investigator’s team at the primary care
center where the patient belongs, when data relative to
new medical history and physical examination (blood
pressure, height and weight and waist circumference
measurement) will be collected, together with a new
cognitive assessment with the Dementia Rating Scale-2.

Preventive treatments during follow-up
After baseline visit is completed and MRI is performed,
primary care physicians will receive a summary with the
most relevant results for each participant. Family doctors

Table 1 MRI parameters in the ISSYS

Sequence Mode Time TR/TE TI Number
of slices

Slice thickness/gap (mm) FOV Matrix

Localizer 3D

SE SAG T1-w 2D 3:06 400/10 20 5/1.5 256 256x224

SE AX T1-w 2D 2:58 520/10 24 5/1.0 256 256x224

Propeller AX T2-w 2D 2:40 5500/125 20 5/1.5 256 448

AX FLAIR 2D 3:20 10000/120 2200 20 5/1.5 256 320x192

AX GRE 2D 1:55 675/18 20 5/1.5 256 288x224

SE Spin Echo, SAG Sagital, AX Axial, Propeller Periodically Rotated Overlapping Parallel Lines with Enhanced Reconstruction, FLAIR Fluid Liquid Attenuated Inversion
Recovery, GRE Gradient Echo, TR Repetition Time, TE Echo Time, FOV field of view, Matrix (Frequency x Phase).
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will take care of vascular risk factor control, following
their routine practice. As for silent brain infarcts, since at
present there is no clear evidence of whether a secondary
stroke prevention should be applied to these patients and
until new information comes from randomized clinical
trials, recommendations will be to optimize BP control in
all cases as much as possible and considering start
antiplatelet treatment and/or cholesterol-lowering drugs
in cases with the estimated global vascular risk is high
(≥10 score in the Framingham-calibrated REGICOR
function) [1].

Study outcome
The primary outcomes of this study are the determin-
ation of the prevalence of silent brain infarctions and
other silent lesions (as described in the neuroimaging
protocol) and the presence and time to first-ever stroke
(fatal or non-fatal ischemic or hemorrhagic stroke) or
TIA. Stroke will be defined clinically as a focal neuro-
logical deficit thought of vascular origin, lasting more than
24 hours and confirmed by clinical evaluation and the use
of a brain CT scan or MRI. TIA will be defined according
to the classical definition, as an acute focal neurologic
deficit due to cerebral ischemia that resolves completely
within 24 hours, regardless of neuroimaging findings.
Other cardiovascular events will be analysed as sec-

ondary events: coronary events (myocardial infarction,
angina requiring hospitalization, coronary angioplasty or
surgery); cardiac failure requiring admission to hospital;
vascular complications (lower limbs, aorta or carotid
arteries) requiring revascularization and vascular death.
Finally, cognitive decline will be evaluated as second-

ary end-point during follow-up.

Substudies (case–control studies nested in the ISSYS cohort)
Twenty-four hour ambulatory blood pressure monitoring
(ABPM)
A nested case–control study within the ISSYS cohort will
be performed with 24-hour ambulatory BP monitoring.

Cases will be considered as participants in whom silent
brain infarctions are detected versus controls (participants
with no brain infarctions). Cases will be matched with
controls by age, gender, other vascular risk factors and
antihypertensive treatment in a ratio of 1 to 2/ 1 to 3.
Oscillometric ABPM measurements will be obtained

using a Spacelabs 90217-5Q device (Spacelabs Healthcare,
Issaquah, Washington, USA), validated according to the
protocol of the British Hypertension Society [25]. The BP
measurements will be made every 20 minutes during day-
time and every 30 minutes during sleeptime in a day of
standard activity and with a cuff suited to the size of the
patient’s arm. All recordings with at least 70% of valid
readings or at least 45 measurements will be considered
for the analysis.
Daytime ambulatory hypertension will be defined as a

mean daytime BP ≥ 135/85 mmHg and sleeptime ambu-
latory hypertension as a mean BP ≥ 120/70 mmHg,
according to the ESH Guidelines(1).
Circadian BP patterns will be assessed, considering a

nondipping status as a night to day ratio of mean sys-
tolic blood pressure (SBP) of 0.9 or more. Also the
sleep-through morning surge defined as the morning BP
(2-hour average of four 30-minute BP readings just after
wake-up) minus the lowest nocturnal BP (1-hour aver-
age of the 3 BP readings centered on the lowest night-
time reading) will be calculated [26].

Biomarkers determination
Also, substudies on protein and genetic biomarkers will
be performed following the same strategy of a case–
control study nested in this cohort.

Follow-up neuroimaging studies
A follow-up MRI is planned after the third year of
follow-up for a nested cohort of cases and controls
according to the presence of silent infarcts at baseline.
This will allow us to describe the incidence of new
lesions.

Figure 2 Representative examples of subclinical/silent cerebrovascular lesions. From left to right: Brain infarct affecting caudate nuclei
(FLAIR MRI), brain microbleed in left thalamus (GRE MRI), enlarged perivascular spaces involving basal ganglia (T2 MRI) and extensive white matter
changes (FLAIR MRI).
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Data entry and monitoring
Data will be collected by investigators and supporting
staff and transferred to an electronic case report form
(eCRF) on a weekly basis. No personal data enabling the
identification of the participants will be included in the
eCRF. Previous training is warranted for all investigators
before access to the live database. Data are secured from
external violation by limiting access to the computer sys-
tem by individual user name and password protection.
In order to minimize missing or wrong data, external

monitoring for the main outcome variables is planned,
including clinical and radiological variables for at least
10% of randomly selected participants.

Statistical methods
Sample size calculation representative for our population
concerning prevalence of silent infarcts has been esti-
mated using data of population-based studies published
before, which reported specific data on silent brain in-
farcts prevalence in participants aged 50 to 70 years old
[27-30]. According to them, the expected prevalence
should be about 10%. Therefore, after applying the Ene
2.0 software, with a confidence interval of 95% and an
accuracy of 2%, sample size should be of at least 865 in-
dividuals, which was increased to 1000 individuals by
taking into account possible losses.
Statistical analysis will be performed with the SPSS

15.0 statistical package (Chicago, Ill., USA). Statistical
significance for intergroup differences will be assessed
by the χ2 or Fisher’s exact test for categorical variables
and by the T-test, ANOVA, Mann–Whitney U and
Kruskal-Wallis test for continuous variables. The corre-
lations between continuous variables will be determined
with Spearman’s or Pearson’s coefficients, as appropriate.
A p value <0.05 will be considered significant. Logistic
regression models will be performed to identify potential
predictors of silent brain infarcts and other silent lesions.
Finally, Cox proportional hazards multivariate analysis
will be used to identify clinical predictors of stroke/TIA or
further CVE, adjusted by variables showing p values <0.1
on univariate testing. Results will be shown as OR
or HR, as appropriate, with their corresponding 95%
confidence intervals.

Discussion
Silent brain infarcts have been recently included into the
new definition of stroke, given that their high prevalence
and clinical consequences, such as further strokes and
cognitive decline do not support to treat them as inno-
cent findings anymore.
Although it is known that silent infarcts are associated

with age and vascular risk factors, particularly hyperten-
sion, there is limited information on the prevalence of
this condition in our setting. Studies restricted to

hipertensives participants have been performed mainly
in Asian populations and they are mostly cross-sectional,
with no prospective follow-up to address either the
incidence of new lesions on imaging or the presence of
future strokes or cognitive decline.
ISSYS is designed to investigate both the prevalence of

silent brain infarcts and the incidence of strokes, cognitive
decline and appearance of new brain infarcts after three
years of follow-up in a cohort of 1000 Mediterranian
hypertensives.
Moreover, we will study the risk factors associated

with their presence and the relationship between them
and other hypertensive target organ damage, such as
those occurring in heart, kidney or vessels, in order to
know their single and combined contribution to the
global vascular risk in each patient.
Hopefully, the better knowledge on the frequency and

determinants of these lesions will help in the future to
optimize treatments or establish new preventive strat-
egies to minimize clinical and socioeconomic conse-
quences of stroke and dementia.
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Although a large amount of data are available on the preva-
lence of silent brain infarcts (SBIs) in the general popula-

tion and of their role as independent predictors for future stroke 
and dementia, still further studies are needed to determine their 
frequency in various populations, particularly those at high 
risk. This information may be potentially useful to design fur-
ther studies for prevention of stroke and dementia.1 Besides 
age, hypertension is the risk factor most consistently associated 
with SBIs. Remarkably, in most of these studies, the diagnosis 
of hypertension was based on self report from participants or 
on single measurements of blood pressure (BP). Also, some 
studies have been conducted specifically in selected groups of 
essential hypertensives and described a wide SBIs prevalence 
ranging from 20% to 86%. Several factors may be related to 
this large variation in prevalence. Among all studies, nearly 
half of them included few participants, and from those with 
larger sample size (Table 1),2–17 it should be noted that patients 
with hypertension were mainly selected among those who 

attended specialized units (cardiology, internal medicine, kid-
ney departments, etc) at hospitals and were probably more 
representative of newly diagnosed or more severe or resistant 
forms of hypertension than average.

Moreover, the vast majority of studies have been conducted 
in Asian cohorts, which indeed differ from western countries 
about their distribution of vascular risk factors and stroke inci-
dence.18 A few studies have been conducted in European coun-
tries, such as those from 1 group in The Netherlands which 
described prevalences of SBIs ranging from 22% to 29%.4,5,19 
Because some of them included ambulatory BP monitoring, 
only patients in whom treatment could be removed before 
monitoring were enrolled.

Even less information is available for lower cardiovascular 
and stroke risk populations, such as those living at Mediterranean 
areas.20 To our knowledge, 1 group from Italy16 reported a preva-
lence of asymptomatic brain damage in 54.9% hypertensive indi-
viduals. However, they included not only lacunes and territorial 

Abstract—Silent brain infarcts (SBIs) are detected by neuroimaging in approximately 20% of elderly patients in population-
based studies. Limited evidence is available for hypertensives at low cardiovascular risk countries. Investigating Silent 
Strokes in Hypertensives: a Magnetic Resonance Imaging Study (ISSYS) is aimed to assess the prevalence and risk factors 
of SBIs in a hypertensive Mediterranean population. This is a cohort study in randomly selected hypertensives, aged 50 to 
70 years old, and free of clinical stroke and dementia. On baseline, all participants underwent a brain magnetic resonance 
imaging to assess prevalence and location of silent infarcts, and data on vascular risk factors, comorbidities, and the presence 
of subclinical cardiorenal damage (left ventricular hypertrophy and microalbuminuria) were collected. Multivariate analyses 
were performed to determine SBIs associated factors. A total of 976 patients (49.4% men, mean age 64 years) were enrolled, 
and 163 SBIs were detected in 99 participants (prevalence 10.1%; 95% CI, 8.4%–12.2%), most of them (64.4%) located 
in the basal ganglia and subcortical white matter. After adjustment, besides age and sex, microalbuminuria and increasing 
total cardiovascular risk (assessed by the Framingham-calibrated for Spanish population risk function) were independently 
associated with SBIs. Male sex increased the odds of having SBIs in 2.5 as compared with females. Our results highlight 
the importance of considering both global risk assessment and sex differences in hypertension and may be useful to design 
future preventive interventions of stroke and dementia.  (Hypertension. 2014;64:658-663.)  Online Data Supplement
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lesions but also other punctate lesions (>5 mm) that might not be 
infarcts in all cases. Also in Spain, Sierra et al21 performed a study 
in middle-aged hypertensives, in which they found that white 
matter lesions (also manifestations of subclinical brain damage) 
were a common finding (40.9%). However, lesions appearing as 
lacunar infarcts were not assessed in their study.

The differentiation of SBIs from other similar lesions, such 
as enlarged perivascular spaces, has been done poorly in the 
past,22 and more efforts are needed to overcome the lack of 
consistency and advance in this field.23

With all that in mind, we aimed to determine the prevalence 
of SBIs in a large cohort of randomly selected hypertensives in 
a Mediterranean population and to study their associated risk 
factors.

Methods
Subjects Selection
Investigating Silent Strokes in Hypertensives: a Magnetic Resonance 
Imaging Study (ISSYS) is an observational, cross-sectional, and lon-
gitudinal study aimed to determine the prevalence of SBIs and their 
relationship with future stroke and dementia in a large cohort of 
Mediterranean hypertensives.24

Briefly, this study has been carried out in patients aged 50 to 70 
years and diagnosed of essential hypertension who are routinely at-
tended by general practitioners in our health area.

Participants were randomly selected after stratification by age and 
sex among 27 000 potentially eligible subjects living in the district of 
the north metropolitan area of Barcelona. They were invited by phone 
to participate and a visit was then scheduled where fulfillment of in-
clusion and exclusion criteria was assessed by trained investigators. 
Inclusion criteria consisted of (1) patients with essential hyperten-
sion diagnosed ≥1 year earlier; (2) age comprised between 50 and 70 
years, and (3) patients who gave their informed consent to participate. 
Patients were excluded when (1) they had history of previous clinical 
stroke or dementia, (2) brain magnetic resonance imaging (MRI) was 
contraindicated, (3) there was a suspicion of white coat hypertension 
syndrome, or (4) patients were affected by a terminal illness preventing 
any future follow-up examination, based on the investigator criteria.

To rule out the presence of a previous stroke, medical records were 
reviewed and the patient was interviewed following an adaptation 
of the Stroke Symptom Questionnaire.25 Also, when dementia was 
suspected, following Diagnostic and Statistical Manual of Mental 
Disorders, fourth edition, revised (DSM-IV-R) criteria, the patient 
was not included in the study and a proper evaluation in the presence 
of a caregiver was recommended.26

Enrollment visits were conducted between November 2010 and 
May 2012. Among 1037 participants who were initially enrolled in 
this study, 94.1% (n=976) completed all baseline procedures, includ-
ing a brain MRI scan. The remaining participants were excluded as a 
result of claustrophobia (n=17), presence of a cranial metallic artifact 
(n=8), consent withdrawal (n=33), and lost to follow-up before MRI 
was performed (n=3). Excluded patients were more often men, over-
weighted, and diabetic than those who were finally included.

Clinical Data Collection and Physical Examination
The study protocol was approved by the Ethics Committee of Vall 
d’Hebron Hospital and IDIAP Jordi Gol (University Research 
Institute in Primary Care).

Assessment of all covariates was done by interviewing participants 
and reviewing medical records. Hypertension was defined as systolic 
BP ≥140 mm Hg, diastolic BP ≥90 mm Hg, or use of antihyperten-
sive medication. We obtained data on demographical characteristics 
and personal medical history, including duration of hypertension and 
presence of other vascular risk factors, such as smoking habit, alcohol 
abuse, dyslipidemia, and diabetes mellitus. The presence of a previ-
ous cardiovascular, kidney, or systemic disease was also assessed. For 
those participants without previous vascular disease, global vascu-
lar risk was estimated applying the Framingham-calibrated Registre 
Gironí del Cor (REGICOR) function, and participants were divided 
into the following categories depending on their 10-year estimated 
risk of having a coronary event: low risk (<5%), moderate risk (5%–
9.9%), high risk (10%–14.9%), and very high risk (≥15%).20

Data concerning office and home BP, BP control (optimal/ poor), 
and antihypertensive treatment were collected, and treatment compli-
ance was assessed with the Moriski questionnaire.27

Also weight, height, and waist circumference were measured, and 
abdominal obesity was recorded.28 Office BP was measured with an 
oscillometric device (Omron M6 Comfort), and the mean of the last 2 
of 3 determinations after 5-minute rest was recorded.

Table 1. Other Published Studies Describing Silent Brain Infarcts in Hypertensive Cohorts

Authors Country Sample Size Patient Selection Sex, % Male Age Office BP SBI %

Previous 
Antihypertensive 

Treatment

Kwon et al2 Korea 550 Voluntary health check 68.2 59.3 (25–83) Control, 136/91 11.1 Previous treatment 
in 79% of the 

controls and 85% 
SBI patients

SBI, 141/90

Kato et al3 Japan 100 Selected from outpatient 
office (cardiovascular and 

renal medicine)

66 62 (42–81) NA 24 Treatment for ≥1 
mo prior inclusion

Henskens et al4,5 The Netherlands 192 Referral to internal 
medicine department

49 51.6 (20–83) 170/104 29 (23–36) Nontreated patients

Kario et al6–15 Japan 519 Patients coming from 2 
hospitals, 3 clinics, and 1 

outpatient clinic

40 72 (≥50) 164/90 50 58% of those with 
sustained HTN 

(removed for ABPM)

Selvetella et al16 Italy 195 Patients who visited the 
department of angio- 

cardio-neurology

44.1 SBD, 67±1 Control, 140/86 54.9 90% were treated  
with anti -

hypertensive drugs
No SBD, 54±1 SBI, 147/85

Ma et al17 China 188 Retrospective analyses 
from hospital records

42.5 64 (45–75) NA 59 All treated 
(monotherapy)

Only studies with a minimum sample size of 100 participants are shown. Studies are sorted by increasing silent brain infarcts (SBIs) prevalence. Office BP is 
expressed in mm Hg. Age is expressed as mean±SD or mean (range) as it was provided by the authors. ABPM indicates ambulatory blood pressure monitoring; BP, blood 
pressure; HTN, hypertension; NA, not available; and SBD, silent brain damage.
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A detailed description of all covariates is presented in the online-
only Data Supplement (Expanded Materials and Methods).

Several other well-known hypertensive target organ damage 
(TOD) markers, such as the presence of left ventricular hypertrophy 
or renal dysfunction (microalbuminuria and decreased estimated glo-
merular filtration rate [GFR]), were analyzed. Specifically, a standard 
12-lead ECG was performed to assess for signs of left ventricular 
hypertrophy (single measurement of R wave in aVL [augmented vec-
tor left])29 and heart rhythm disorders. Regarding kidney function, 
a single-spot urine sample was collected and sent to central labora-
tory for albumin-to-creatinine ratio determination. Microalbuminuria 
was determined as >21 mg/g in men and >30 in women.28 Moreover, 
GFR was estimated with the Modified Diet in Renal Disease-Isotope 
Dilution Mass Spectrometry formula.30 Impaired renal function was 
considered whenever values were below 60 mL/min per 1.73 m2.

Neuroimaging Protocol
A brain MRI was performed within the next month after study entry. 
Data acquisition details have been published elsewhere.24 SBIs were 
defined as in previous studies as lesions of ≥3 mm of diameter in their 
widest dimension, with cerebrospinal-like fluid signal characteristics 
in all pulse sequences, and the presence of an hyperintense rim sur-
rounding the lesion in fluid attenuation inversion recovery sequence 
was also required.22 All MRIs were assessed by 2 neuroradiologists 
and an experienced stroke neurologist, and disagreements were solved 
by consensus. Intrarater agreement was calculated for each reader in a 
training set before undertaking the present reading, ranging from 0.60 
to 0.75. The main source of disagreements came from the differen-
tiation of SBIs from enlarged perivascular spaces; therefore, lesions 
located in areas with high prevalence of enlarged perivascular spaces, 
such as the lower part of basal ganglia, were not considered as infarcts.

Statistical Methods
Sample size calculation representative for our population concerning 
prevalence of SBIs was estimated using data from population-based 
studies published before, which reported specific data on SBIs preva-
lence in participants aged 50 to 70 years old.24 According to them, 
the expected prevalence should be ≈10%. Therefore, after applying 
the Ene 3.0 free software (GlaxoSmithKline S.A., Spain; http://sct.
uab.cat/estadistica/es), with a confidence interval of 95% and an accu-
racy of 2%, sample size should be of ≥865 individuals, which was 
increased to 1000 individuals by taking into account possible losses.

Statistical analysis was performed with the SPSS 17.0 statistical 
package (Chicago, IL). Intergroup differences were assessed by the χ2 
or Fisher exact test for categorical variables and by the t test, ANOVA, 
Mann–Whitney U test, and Kruskal–Wallis test for continuous vari-
ables. The correlation between continuous variables was determined 
with Spearman or Pearson coefficients, as appropriate. A P value <0.05 
was considered as significant. To evaluate independently associated 
factors of SBIs in our sample, we constructed forward stepwise logistic 
regression models with all variables associated with SBIs showing a P 
value <0.1 in the univariate analysis (model 1). Odds ratios and 95% 
confidence intervals were further adjusted by adding smoking habit and 
antihypertensive treatment to the model. In a second term (model 2), 
REGICOR score was used as a measure of total cardiovascular risk as 
covariate. Interaction terms of age and BP (model 1) and REGICOR 
score and microalbuminuria (model 2) were also tested.

Results
Baseline Demographical and Clinical 
Characteristics
Nine hundred seventy-six patients were included in this 
study. Demographical characteristics and cardiovascular risk 
profile are shown in Table 2. Median age was 64 years, and 
49.4% of the sample were men. Besides hypertension, most 
of the participants had dyslipidemia (71.7%) and 23.5% were 
diabetic. Overall, 120 (12.3%) had already a history of an 
established cardiovascular disease. From those free of vascu-
lar disease at baseline, total cardiovascular risk was estimated 
by means of the REGICOR risk charts; the majority of the 
participants belonged to the moderate or high risk categories 
(median=6 [4–9]).

Regarding BP, mean systolic and diastolic BP were 141.5 
and 77.5 mm Hg, respectively. All patients had been recom-
mended to follow lifestyle recommendations to control their 
BP, and also the vast majority (95.4%) were taking antihyper-
tensive drugs at the time of the study entry (40.2% monother-
apy, 37.2% were on 2 drugs, 18% on ≥3 drugs). Only 54% of 
participants self-reported correct treatment compliance.

Table 2. Univariate Analysis: Description of Demographic and Clinical Baseline Factors in the Total Sample and in Those 
With or Without SBIs

Characteristics All Patients Absence of SBI (n=877) Presence of SBI (n=99) P

Age, y* 64 (60–67) 64 (59.5–67) 65 (61.7–69) <0.01

Sex, male* 49.4% 46.9% 71.7% <0.01

Tobacco use 15.2% 15.3% 14.1% 0.76

Alcohol abuse 6.4% 6.7% 4.8% 0.78

Diabetes mellitus 23.5% 22.7% 30.3% 0.09

Dyslipidemia 71.7% 70.8% 79.6% 0.07

Abdominal obesity 72.7% 72.7% 72.4% 0.95

Body mass index, kg/m2 29.9 (27.1–33.2) 30.0 (27.1–33.2) 29.9 (26.9–33) 0.86

Mean office SBP, mm Hg 141.5 (132–153) 141.5 (132–153) 144 (130–155.6) 0.69

Mean office DBP, mm Hg* 77.5 (71–84) 77.5 (70.5–84) 81.5 (72.8–89.7) 0.03

Duration of hypertension, y 8.6 (5.3–12.4) 9.1 (5.7–12.8) 8.8 (4.5–12.8) 0.52

REGICOR score* 6 (4–9) 6 (4–8) 7 (5–10.75) <0.01

Previous cardiovascular disease* 12.3% 11.2% 22.2% <0.01

No. of antihypertensives 2 (1–2) 2 (1–2) 2 (1–2.75) 0.18

Treatment compliance 54.4% 54.8% 50.5% 0.43

Data are expressed in median (interquartile range), mean±SD, and percentage as appropriate. DBP indicates diastolic blood pressure; REGICOR, Registre 
Gironí del Cor; SBI, silent brain infarct; and SBP, systolic blood pressure.

*Significant results.
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SBIs and Their Associated Factors
A total of 99 participants had SBIs, leading to a prevalence of 
10.1% of the sample (95% confidence interval, 8.4%–12.2%). 
Most of the patients had a single lesion (69%), whereas 31% 
presented multiple lesions (ranging 2–11), accounting for a 
total number of 163 infarcts. The majority of lesions were 
located in the basal ganglia (35.6%) or subcortical white mat-
ter (28.8%), followed by the cerebellum (16%), brain stem 
(11%), and cortex (8.6%).

As expected, increasing age was related to the presence of 
SBIs but also sex differences were found. Prevalence of SBIs 
was gradually increased for both sexes with age, but they were 
more often in men than in women at any age category. However, 
men and women differed in the frequency of many baseline char-
acteristics as shown in Table S1 (online-only Data Supplement).

Other baseline differences in SBI presence about vascular risk 
factors, total cardiovascular risk, or BP levels are shown in Table 2.

Finally, because subclinical organ damage may affect prog-
nosis in hypertensives, we evaluated the kidney function by 
means of urine albumin-to-creatinine ratio and estimated 
GFR. After exclusion of 10 participants who showed serum 
creatinine levels (>132.6 μmol/L in men and 114.9 μmol/L 
in women) or proteinuria (urine albumin-to-creatinine ratio 
≥300 mg/g at least once) suggestive of overt nephropathy, 
13.7% presented microalbuminuria, 7.8% had low estimated 
GFR, and in 1.1% of participants both alterations were pres-
ent. Also, left ventricular hypertrophy was detected as signa-
ture of hypertensive heart damage in 9.1% of the cohort.

Looking into how these markers of TOD were interrelated, 
we found that microalbuminuria was associated with the pres-
ence of SBIs (27.2% in those with microalbuminuria ver-
sus 12.2% in those without it, P<0.001), whereas finding a 
decreased GFR or left ventricular hypertrophy presence was 
not (P=0.25 and P=0.22, respectively).

In Table 3, we present results from the multivariate analy-
ses. Increasing age, male sex, and microalbuminuria (model 
1) were all independently associated with SBIs. Moreover,
because current guidelines support that diagnosis and man-
agement of hypertension should be related to quantification of 
global (or total) cardiovascular risk, we included in the analy-
sis the Framingham-calibrated REGICOR score (model 2) and 
found that it was also predictor of SBIs, in addition to microal-
buminuria. A graded response was found between REGICOR 
risk categories and SBI, with the strongest associations corre-
sponding to those at high or very high-risk categories.

It should be noted that despite the fact that microalbumin-
uria was independently associated with SBIs in both models, 
in our sample, still 66% of the participants with SBIs had no 
renal or heart involvement.

Discussion
Here, we described the prevalence of SBIs in a large 
Mediterranean cohort of middle- and old-aged hypertensives. 
SBIs were found in 10.1% of participants, a prevalence that is 
similar to other population-based studies but lower than that 
reported in hypertensive cohorts. Although this might be surpris-
ing, several differences should be noted between ours and previ-
ous studies in hypertensives, apart from ethnicity, as mentioned 
before. First, our population was younger and the majority of 

our participants was long-term (median 8.6 years since diagno-
sis) and treated hypertensives with office BP levels that were 
lower as compared with previous studies selecting hypertensives 
(Table 1).2–17 Most importantly, the selection of participants was 
performed randomly from a primary care setting. The cohort was 
routinely treated and monitored by general practitioners, avoid-
ing the bias that might be caused by selection in more specialized 
contexts, such as hospital units. Moreover, our sample size was 
estimated taking into account previous studies on this matter in 
general populations, and to date, it is almost twice larger than that 
of previous studies in a purely hypertensive cohort.

We found that SBIs were strongly associated with age, as it 
has been shown consistently before, and much more frequent 
in hypertensive men than women. This is also remarkable, tak-
ing into account that stroke is the leading cause of death for 
women in our country. Other population-based studies, such 
as the Rotterdam Scan Study31 and the Cardiovascular Health 
Study,32 found opposite results, with more SBIs in women 
than in men, although their participants were older than ours. 
In opposition, our results agree with those from the Northern 
Manhattan Study, a multiethnic community-based cohort.33 
It is well known that women have lower BP levels across the 
lifespan than their age-matched counterparts. However, hyper-
tension becomes increasingly prevalent in postmenopausal 
women.34 We randomized participants taking into both sex and 
age, but still several differences were found in the distribution 
of vascular risk factors, with women displaying less global vas-
cular risk and comorbidities than men in our cohort. These dif-
ferences might explain the lower prevalence of SBIs in women. 
It is also possible that because we did not perform ambulatory 
BP monitoring to select participants, some of them might have 
indeed a white coat effect. This condition is associated with an 
intermediate risk of cardiovascular events between those with 
sustained hypertension and normotensive individuals, and it is 
described to be particularly frequent in women.35 However, we 

Table 3. Multivariate Analysis: Independent Associated 
Factors With the Presence of Silent Brain Infarcts

Characteristics OR (95% CI) P

Model 1

 Age, per 5 y 1.54 (1.22–1.94) <0.01

 Sex, male 2.53 (1.55–4.15) <0.01

 Microalbuminuria 2.28 (1.33–3.918) <0.01

Model 2

 Total cardiovascular risk (REGICOR) 0.05

   Low (<5%) 1 (reference)

   Moderate (5–9.9%) 1.29 (0.66–2.51) 0.46

   High (10–14.9%) 2.17 (1.00–4.69) 0.05

 Very high (≥15%) 3.17 (1.22–8.22) 0.02

 Microalbuminuria 2.34 (1.29–4.26) <0.01

Values represent odds ratios (OR) and their corresponding 95% confidence 
intervals (CI). Model 1 includes covariates age, sex, dyslipidemia, mean office 
diastolic blood pressure (per 1 mm Hg increase), diabetes mellitus, previous 
cardiovascular disease, microalbuminuria, smoking habit, antihypertensive 
treatment (number of drugs received), and the interaction term of age and blood 
pressure. Model 2 includes categorized Registre Gironí del Cor (REGICOR) score 
(low-risk category as reference), microalbuminuria, antihypertensive treatment, 
and the interaction term between REGICOR and microalbuminuria.
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excluded participants with suspected white coat hypertension, 
and the vast majority of them had been treated for a long time 
before inclusion, thus making this possibility less likely.

Our results, therefore, emphasize the need to uncover sex dif-
ferences to better understand pathological processes associated 
with aging and stroke and to personalize preventive health care.

We also found an independent association between microalbu-
minuria and SBIs. This is important because these results extend 
previous knowledge on the role of microalbuminuria as predic-
tive marker of cardiovascular events and stroke risk.36 Less is 
known on how microalbuminuria is interrelated to other subclini-
cal TOD, such as that present in the brain. Specifically, this was 
reported in hypertensives by Henskens et al5 in a cohort of 192 
young untreated hypertensives, in whom different TOD mark-
ers were evaluated, including microalbuminuria. Interestingly, 
although the proportion of subjects with damage in heart, kidney, 
brain, or any combination of them was higher in that study than in 
our population, half of the patients with brain damage (including 
SBIs but also other lesions such as white matter hyperintensi-
ties or microbleeds) did not present cardiorenal damage and were 
classified as having no-target organ involvement. Likewise, in our 
study, in almost 66% of those with SBIs, these lesions did not 
coexist with heart or kidney involvement, which are the organs 
routinely screened to assess risk in hypertension. Although both 
Henskens et al5 and our results suggest that screening for SBI 
might improve risk stratification in hypertensives, longitudinal 
studies with stroke (and possibly other vascular events) as out-
comes are needed to determine their predictive value.

Microalbuminuria is generally interpreted as an early sign of 
kidney disease or as a marker of endothelial dysfunction.37 As 
kidney and brain display common hemodynamic properties such 
as low vascular resistance, as compared with other vascular beds, 
they might be unprotected against increased pulsatile stress occur-
ring with aging and hypertension.38 This could lead to endothelial 
damage and progress toward both the appearance of microalbu-
minuria and brain infarcts, even in the absence of an impaired 
kidney function. However, to properly address the occurrence of 
these events over time, prospective studies are needed.

Finally, we found that total cardiovascular risk is not only 
associated with the odds of symptomatic future vascular events 
but also related to the presence of subclinical brain disease. These 
results are in agreement with those reported in the Framingham 
Offspring cohort study,39 but as original Framingham function 
scores overestimate risk in low-risk countries such as Spain,20 
we used a validated and easy-to-use tool (REGICOR) that is 
already extensively used by general practitioners in our area. 
In our study, total cardiovascular risk predicted the presence of 
SBIs better than any risk factor taken separately, highlighting 
the importance of treating patients preferably according to their 
estimated global cardiovascular risk, rather than based on the 
presence of any individual risk factor.

Strengths and Limitations
This study has some strengths and some limitations. As 
strengths, this is a large study, representative for a population 
of middle-aged hypertensives living in a low cardiovascular 
risk country in the Mediterranean area.

Moreover, inclusion procedures required careful review of 
medical records and interview with the participants to remove 

nonessential hypertension and rule out participants with previ-
ous stroke or dementia. We also have some limitations. Lack of 
ambulatory BP monitoring for selecting participants might have 
led to increased frequency of white coat hypertension effect. Urine 
albumin-to-creatinine ratio was measured in this study with a 
single-spot urine sample. In clinical practice, it is recommended 
to confirm this observation with multiple testing, to avoid false-
positive results attributable to variability of the measurement. Also 
hypertensive heart damage could be determined with higher accu-
racy with the use of echocardiography or other imaging techniques.

Perspectives
This study characterizes the prevalence and risk factors of 
SBIs in a large hypertensive cohort, from a low cardiovascu-
lar risk country in the Mediterranean area. Other markers of 
TOD, such as microalbuminuria, or total cardiovascular risk 
are independently associated with silent brain vascular dis-
ease and might be useful to screen those at high risk of future 
stroke and dementia, while taking into account sex differences 
in the design of preventive strategies.
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What Is New?

Silent brain infarcts are present in ≈10% of hypertensives in a low- 
cardiovascular-risk Mediterranean population.
Total cardiovascular risk and microalbuminuria could be useful to deter-
mine those with subclinical brain vascular disease and, therefore, with
higher risk of future stroke and dementia.

What Is Relevant?

Our results emphasize the need of assessing total cardiovascular risk in
hypertensives, to determine the burden of clinical and subclinical disease.
Sex differences need to be further explored in stroke prevention.

Summary

Silent brain infarcts prevalence reached 10% of hypertensives be-
tween 50 and 70 years old in a low cardiovascular risk Mediter-
ranean population, with striking sex differences. Microalbuminuria 
and increased total cardiovascular risk are independently associ-
ated with silent brain infarcts presence in long-term treated es-
sential hypertensives.

Novelty and Significance
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Expanded Materials and Methods: 

Covariates definition: 

-Hypertension was defined as systolic blood pressure (BP) 140 mmHg, diastolic BP 90 mmHg 
and/or use of antihypertensive medication. 

-Duration of hypertension was assessed as the time from first diagnosis to inclusion visit, and it 
was expressed in years. 

-Diabetes mellitus was defined as fasting glucose levels over 7 mmol/L and/or the use of oral 
antidiabetic drugs or insulin. 

-Dyslipidemia was defined as total cholesterol over 5.2 mmol/L, triglycerides over 2.3 mmol/L 
and/or the use of lipid lowering treatments. 

- Alcohol abuse was defined as 280 grams per week in males and 170 grams per week in 
females. 

-Smoking habit was categorized into current, former or never. 

-Previous cardiovascular disease includes coronary artery disease (angina, myocardial infarction) 
and peripheral artery disease (intermitent claudication, by-pass surgery, aortic aneurism). 

-Previous kidney disease: presence of diabetic or hypertensive nephropathy and/or renal failure. 

-Systemic disease: including any other disease affecting a number of organs and tissues. 

-REGICOR function: it is a Framingham-calibrated function for 10-year cardiovascular risk 
calculation. It includes age, gender, tobacco intake, diabetes, systolic and diastolic BP, total and 
HDL-cholesterol. An online calculator can be found at: 
http://www.imim.cat/ofertadeserveis/software-public/regicor/?1  

-BP control: Optimal BP control was defined as BP<140/90 (or <130/80 in diabetic and those at 
high or very high risk, such as those with clinical conditions, including myocardial infarction, renal 
failure or proteinuria).  

- Treatment compliance was assessed with the Moriski questionnaire. This scale consists in 4 
questions, with yes/no answers which should be asked along the clinical interview, and reflect the 
patient’s attitude towards treatment. It is useful to find out whether or not the patient is a good 
complier (all questions answered as no) and the causes for non-adherence. 

- Abdominal obesity was defined as a waist circumference >88 centimeters in females and >102 
cms in males, according to the European Society of Hypertension.  



 

Table S1. Description of main baseline characteristics regarding gender. 

Variables Women  
(n=494) 

Men (n=482) p  value 

Age, years 64 (59-67)  63 (58-67) 0.14 

Tobacco use 9.3% 21.2% <0.001 

Alcohol abuse 6.1% 6.6% 0.82 

Diabetes 20.2% 26.8% 0.016 

Dyslipidemia 71.3% 72.1% 0.79 

Abdominal obesity 83.8 61.1 <0.001 

Body mass index (Kg/m2) 30.3 (26.9-34.4) 29.7 (27.2-32.1) 0.036 

Mean office SBP  143 (133-154) 140.5 (130-151) 0.035 

Mean office DBP 76 (69.1-81.5) 80 (73-86) <0.001 

Duration of hypertension, 
years 

9.4 (5.9-12.9) 7.9 (5-12.1) 0.002 

Resistant hypertension 4.1% 5.1% 0.47 

REGICOR score 5 (4-7) 7 (5-11) <0.001 

Previous cardiovascular 
disease 

6.5% 18.3% <0.001 

Number of antihypertensives 2 (1-2) 2 (1-2) 0.29 

Treatment compliance 57.2% 51.4% 0.079 

 

Data are expressed in median (interquartile range), mean +/- standard deviation and percentage 
as appropriate. SBP: Systolic blood pressure is expressed in mmHg, DBP: diastolic blood 
pressure, is expressed in mmHg. *p<0.05. 
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Hypertension and silent cerebrovascular lesions (SCL) detected by brain magnetic resonance imaging (MRI)
are associated with an increased risk of cognitive decline. In a prospective observational study in 1000 hyper-
tensive patients, aged 50–70 years, with no prior history of stroke or dementia, we will study the presence of
mild cognitive impairment (MCI) and the relationship between SCL and cognition. All participants will be
assessed by means of the Dementia Rating Scale—2 (DRS-2) and will undergo a brain MRI. In order to better
characterize MCI and future dementia risk in our cohort, those patients that are suspected to be cognitively
impaired according to the DRS-2 results will have a further neurological evaluation and complete neuropsy-
chological testing. Follow-up for the entire cohort is planned to last for at least 3 years.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Growing evidence suggests that vascular risk factors, such as
hypertension, diabetes and hypercholesterolemia, among others,
contribute to cognitive decline and increase the risk of mild cognitive
impairment (MCI) and incident dementia [1].

MCI is estimated to affect about 5.5% of the population aged
55 years or older and to increase over time with advancing ages,
reaching about 30% in patients over 85 years old [2]. The MCI preva-
lence doubles that of dementia prevalence. Moreover, patients with
MCI are at high risk of developing dementia. The annual conversion
rate to dementia, Alzheimer's disease (AD) and vascular dementia
(VaD) is estimated in 9.6%, 8.1% and 1.9% respectively, in specialized
clinical settings and in 4.9%, 6.8% and 1.6% in community based stud-
ies [3]. Several characteristics such as memory tasks impairment or
hippocampal atrophy are associated with the risk of conversion to

AD, whereas patients with dysfunction in executive tasks or pre-
senting vascular subcortical lesions are more prone to develop a
VaD [4,5].

Other neuroimaging and cerebrospinal fluid (CSF) biomarkers
have been related with the risk of AD conversion and probably, a
combination of CSF biomarkers (such as high phosphorylated and
total tau or low β-amyloid 42 [6,7]), APOE genotype [8], brain MRI
and brain nuclear techniques might be the most useful strategies for
predicting conversion to AD [9–12].

Among all vascular risk factors, hypertension is the most prevalent
in general populations and is associated with MCI, AD and VaD [13].
Several studies have shown that sleep blood pressure variations,
such as the lack of a physiological dipping pattern and also the diag-
nosis of midlife hypertension might be related with poor cognitive
performance [14,15]. Therefore, blood pressure control might help
reducing the risk of dementia and MCI [13].

Also, there is a link between hypertension and the presence or
appearance of new SCL, such as brain infarcts and white matter
changes, which independently increase the risk of having MCI and
dementia [16–18]. Thus, subjects with vascular MCI have more
white matter changes and lacunar infarcts than subjects with neuro-
degenerative MCI [19] and the location and number of silent infarcts
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is also important, since having more than one infarct affects memory
performance, processing speed and executive function, and probably
is involved in cognitive impairment development [20].

The prevalence of MCI and risk of incident dementia in a
Mediterranean hypertensive population is largely unknown. Our
aim is to assess the prevalence of MCI in a midlife hypertensive
Spanish population and to determine the risk of incident dementia
after 3 years of follow-up. The relationship between SCL and cogni-
tion is also investigated. Here we present a summary of the cognitive
protocol used for those purposes.

2. Materials and Methods

2.1. Study population

Our study population will comprise 1000 non-demented individ-
uals, aged 50 to 70 years old, and diagnosed of essential hypertension
at least one year before inclusion in the study. All participants are in-
volved in an epidemiological ongoing study aimed to investigate the
prevalence and risk factors for silent cerebrovascular lesions and
stroke; the ISSYS (Investigating Silent Strokes in hYpertensives: A
magnetic resonance imaging Study). This study was approved by
the Local Ethics Committee of Vall d'Hebron Hospital and IDIAP
Jordi Gol and all participants gave their informed written consent.

2.2. Cognitive assessment

On baseline, all patients will be evaluated bymeans of the Dementia
Rating Scale—2 (DRS-2) developed by Mattis, which is a screening tool
for dementia andMCI [21]. This scale includes the evaluationoffive cog-
nitive domains: attention, memory, initiation/perseveration, construc-
tion and conceptualization. Illiterate participants will be assessed by
means of The Eurotest, a dementia screening test developed in Spain
[22].

A Spanish version of the DRS-2 will be used for our population [23]
and since scarce normative data for non-demented Mediterranean
populations exists [24], total crude scores will be adjusted by age
and years of formal education received, following the methodology
proposed by Peña-Casanova et al. [25].

After data normalization, further neurological and neuropsycho-
logical assessment will be carried out in a further visit in all subjects
with cognitive complaints and poor performance in the screening
test (defined as total adjusted score≤8).

In this visit, a cognitive, behavioral and functional anamnesis will
be carried out, as well as a complete neurological examination and a
short general examination. The Spanish IDDD Scale for functional as-
sessment will be applied [26] and the presence of depressive symp-
toms will be evaluated with the Spanish version of the Zung Scale
for Depression [27]. Neuropsychological testing will be carried out
by a professional with appropriate training in the administration

and interpretation of psychological tests. Our detailed protocol for
neuropsychological testing cognitive assessment is shown in Table 1.

Following this evaluation, MCI will be diagnosed according to the
definition of the “Guidelines for Clinical Practice in Dementia” of the
Spanish Society of Neurology of 2009 [28]. Briefly, MCI is considered
in subjects who present an alteration of one or more cognitive do-
mains: attention and executive function, language, memory or visuo-
spatial functions, this alteration should be acquired, reported by the
patient or caregiver, months to years of duration and showing a cog-
nitive performance below 1.5 or 1 standard deviations of the adjusted
mean, depending on the pre-morbid patient's status. Moreover, this
alteration should not interfere with daily activities or do it minimally
and the patients should not have delirium or altered level of con-
sciousness at the time of diagnosis.

MCI patients will be further classified into predefined subtypes:
amnesic MCI (single or multiple domains) and non-amnesic MCI (sin-
gle or multiple domains) [29].

2.3. MRI protocol

After the inclusion visit all participants will be scheduled for a
brain MRI which will be conducted within the next 30 days after in-
clusion. All examswill be performed in the same 1.5 T GE Sigma Infin-
ity scanner using an identical protocol. Several vascular lesions will be
considered for analysis. Briefly, brain infarcts will be defined as
lesions≥3 mmwith signal characteristics of CSF in all pulse sequences.
In order to differentiate infarcts from dilated perivascular spaces, a
hyperintense rim will be required in FLAIR sequences [30,31].
Microbleeds will be evaluated and assessed in GRE sequence according
to the BOMBS scale developed by Cordonnier et al. [32] and finally,
white matter changes will be evaluated according to a visual rating
scale, as previously reported [33].

2.4. Follow up-visits

Once a year, for the first and second year after inclusion, the pa-
tients will be contacted by phone for follow-up. Patients and/or care-
givers will be asked for blood pressure control, appearance of new
vascular risk factors, vascular diseases and appearance or worsening
of cognitive decline. Also, the telephonic version of the MMSE [34],
which has been adapted and validated in Spanish population before,
will be administered within the same visit. After 3 years of
follow-up a new visit will be carried out for the whole cohort. This
last visit is planned in the ISSYS and includes a new assessment
with DRS-2 to study cognitive changes in the whole cohort.

3. Discussion

Given the vast socioeconomic burden of neurovascular and neuro-
degenerative diseases, early diagnosis and the identification of risk
factors for dementia should provide useful tools to minimize the im-
pact of this disease in the future. Our study will provide useful clinical,
neuropsychological and neuroimaging characterization of cognitive
state in hypertensives and their changes over time. Besides, we
hope to better characterize MCI in a high risk Spanish population.
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Table 1
Cognitive protocol assessment.

Cognitive test Function evaluated

Rey Auditory Verbal Learning Test [35] Immediate and delayed verbal memory
Visual reproduction I and II of WMS-III
[36]

Immediate and delayed visual memory

TMT A and B [37] Visual attention and task switching
Block design of WAIS-III [35] Spatial component of perception
Fluency tests of COWAT [38] Language and executive function
Stroop test [39] Selective attention, cognitive flexibility

and processing speed
Clock drawing [35] Visuospatial and constructional abilities
Symbolic gesture of Barcelona's test
[40]

Gestural praxis

Sequences and imitation of postures
of Barcelona's test [40]

Ideomotor praxis
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ORIGINAL ARTICLE

High daytime and nighttime ambulatory pulse pressure
predict poor cognitive function and mild cognitive impairment
in hyper individuals
Iolanda Riba-Llena1, Cristina Nafría1, Josefina Filomena2, José L Tovar3, Ernest Vinyoles4, Xavier Mundet5, Carmen I Jarca6,

Andrea Vilar-Bergua1, Joan Montaner1,7 and Pilar Delgado1

High blood pressure accelerates normal aging stiffness process. Arterial stiffness (AS) has been previously associated with impaired
cognitive function and dementia. Our aims are to study how cognitive function and status (mild cognitive impairment, MCI and
normal cognitive aging, NCA) relate to ASin a community-based population of hypertensive participants assessed with office and
24-hour ambulatory blood pressure measurements. Six hundred ninety-nine participants were studied, 71 had MCI and the rest had
NCA. Office pulse pressure (PP), carotid–femoral pulse wave velocity, and 24-hour ambulatory PP monitoring were collected.
Also, participants underwent a brain magnetic resonance to study cerebral small–vessel disease (cSVD) lesions. Multivariate
analysis–related cognitive function and cognitive status to ASmeasurements after adjusting for demographic, vascular risk factors,
and cSVD. Carotid–femoral pulse wave velocity and PP at different periods were inversely correlated with several cognitive
domains, but only awake PP measurements were associated with attention after correcting for confounders (beta= −0.22, 95%
confidence interval (CI) −0.41, −0.03). All ambulatory PP measurements were related to MCI, which was independently associated
with nocturnal PP (odds ratio (OR)= 2.552, 95% CI 1.137, 5.728) and also related to the presence of deep white matter
hyperintensities (OR= 1.903, 1.096, 3.306). Therefore, higher day and night ambulatory PP measurements are associated with poor
cognitive outcomes.

Journal of Cerebral Blood Flow & Metabolism (2015) 00, 1–7. doi:10.1038/jcbfm.2015.90

Keywords: ambulatory blood pressure monitoring; arterial stiffness; cerebral small–vessel disease; cognitive function; mild
cognitive impairment

INTRODUCTION
Aging and hypertension, among other vascular risk factors (VRFs),
determine the risk of cardiovascular diseases and contribute to
structural and functional changes in the arterial wall, which
becomes less elastic and stiffer.1

Arterial stiffness (AS) is a surrogate marker of major cardiovas-
cular events in the general population2 and in clinical settings (like
stroke in hypertensive patients).3 Besides AS was associated with
some features of cerebral small-vessel disease (cSVD) such as
white matter changes and lacunar infarcts.4,5

Moreover, AS was independently associated with cognitive
function, in demented and nondemented individuals, and with
cognitive decline and dementia in most6 but not all studies.7,8 A
relationship has also been suggested between AS and mild
cognitive impairment (MCI).9 Studying MCI predictors is a priority
because it is the main risk factor for conversion to dementia.10

However, some important limitations of these studies on AS in
cognitive function, dementia, and especially MCI have to be

acknowledged: most had small sample sizes, some used only
screening tests for cognitive assessment, and most did not adjust
ASby the presence of VRFs or cSVD.11

Among the different indirect ways to assess AS, carotid–femoral
pulse wave velocity (cf-PWV) is considered the reference standard.
However, there are a number of external factors (i.e., white-coat
hypertension phenomena, tobacco, alcohol, polyphenol consump-
tion, etc.) that might affect these estimations, decreasing its
predictive accuracy, particularly in routine clinical care.12 Other
indirect ways to estimate ASas calculating the pulse pressure (PP)
can be achieved by techniques such as 24-hour ambulatory blood
pressure monitoring (ABPM), which may provide relative advan-
tages over a single evaluation at the clinic.

Our objectives are to describe how cognitive function and
cognitive status (MCI and normal cognitive aging (NCA)) relate to
AS in a community-based population of hypertensive patients.
Specifically, we aimed to compare whether AS measured with
different methodologies (cf-PWV versus office PP assessment; 24-
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hours daytime or nighttime PP assessment) relate differentially to
these cognitive outcomes, and to study whether the effect of AS
on cognitive function/status varies in the presence of cSVD.

MATERIALS AND METHODS
Study Population
Our study population is nested within the ISSYS project (Investigating
Silent Strokes in hypersensitive individuals, a magnetic resonance imaging
Study). This is an observational, prospective study in 1,037 hypertensive
individuals in Spain. Inclusion criteria of the study were essential
hypertension diagnosed at least 1 year before inclusion, age 50 to 70
yearsold, and no history of clinical stroke or dementia. Individualswho had
contraindications for magnetic resonance imaging (MRI; i.e., carried a
pacemaker or were claustrophobic) or those who had a terminal illness
were excluded. ISSYS general aims are to investigate the prevalence of
silent cerebrovascular lesions and cognitive impairment. The participants
were selected at random from 14 primary care centers in the North area of
Barcelona city. Our study protocol was published elsewhere.13

The study followed the Declaration of Helsinki and was approved by the
Vall dʼHebronʼs Research Hospital Ethics Committee, and all patients gave
their informed written consent before inclusion.

Cognitive Assessment
At baseline all participants were evaluated by means of a dementia
screening test (Dementia Rating Scale second version, DRS-2).14 Total
DRS-2 score goes from 0 to 144 points and is divided in several subscales
(memory, attention, initiation/perseveration, conceptualization, and
construction).

Seven hundred ninety-eight participants of the ISSYShad valid data on
DRS-2, they were literate and did not have any condition that could
interfere with their cognitive performance (e.g., severe sensory deficit,
previous central nervoussystem disorder, uncontrolled metabolic diseases,
or alcohol consumption) or dementia. All of them belonged to the same
ethnic group (white Mediterranean).

In a further step, all participants who obtained age- and education-
adjusted scores below 8 points (considered as a cutoff to suspect cognitive
impairment) were reevaluated to assess cognitive status.14 In this second
evaluation an extended cognitive, behavioral, and functional anamnesis
and a standard physical and neurologic examination was performed.
Besides, cognitive performance was determined using a battery of
cognitive tests evaluating memory, attention, processing speed, executive
function, motor, and visuospatial functions. Our cognitive protocol was
published previously elsewhere.15 The diagnosis of MCI was established
following previously published criteria by the neurologist and neuropsy-
chologist who attended the patients, who were masked to other clinical
data.16 In brief, MCI wasconsidered when the subject or caregiver manifest
an acquired cognitive impairment that lasted months to years and this
alteration was shown on cognitive testing (performance mainly below 1.5
s.d. of the adjusted mean). The impairment did not (or minimally) interfere
with daily instrumental activities. Those with delirium or altered
consciousness at the time of diagnosis were excluded. Participants with
a previous depression were considered for the present analysis if it was
under treatment and controlled. Sixteen participants refused to be further
evaluated.

All those with normal results in the screening tool (total DRS-24 8) or
who did not fulfill criteria for cognitive impairment or MCI were considered
as having NCA.

Brain Magnetic Resonance Imaging
All participants underwent a brain MRI with the same 1.5 Tesla MR.13

Magnetic resonance imaging examinations were rated by two neuror-
adiologists and a stroke neurologist who were also masked to clinical data.
Presence and number of lacunar brain infarcts were assessed. Lacunar
infarcts were considered when there was a lesion of tissue loss of 3- to 20-
mm diameter in their widest dimension, with cerebrospinal fluid–like
signal characteristics in all pulse sequences, and with the presence of a
hyperintense rim surrounding it in fluid-attenuated inversion recovery
sequences. Localization of lacunar infarcts was the basal ganglia, thalamus,
internal or external capsules, or brainstem. Cortical infarcts were not
considered for the analysis.

Presence and grade of white matter hyperintensities (WMHs) in fluid-
attenuated inversion recovery or T2-weighted images were rated with a

semiquantitative scale.17 White matter hyperintensities in periventricular
and deep localizations were considered separately. For periventricular
WMHs, the score wasas follows: grade 0= no WMHs, 1= capsor pencil-thin
lining, 2= smooth ʻhaloʼ, and 3= irregular WMHs extending to the deep
white matter. For deep WMHs, the score was 0= no lesions, 1= punctuate
foci, 2= beginning confluence of foci, and 3= large confluent areas.
Intrarater and interrater agreement for all the markers was good to
excellent (k= 0.6 to 0.81).

Participants with either lacunar infarct(s) or WMHs 2 on Fazekas deep
score or with both lesionswere considered ashaving cSVD, otherwise were
considered as not having cSVD.

Those participants who had incomplete, invalid, or no data from MRI
(n = 52) were excluded for this analysis.

Office Arterial Stiffness Measurements
Office PP was calculated as the difference between mean systolic BP (SBP)
and mean diastolic BP. Office BP was measured with a validated
oscillometric OMRON (M6 CONFORT, Hoofddorp, The Netherlands) device
after 5-minute rest.18 Systolic BP and diastolic BP were calculated as the
mean of the last two out of three measurements.

Carotid–femoral pulse wave velocity was assessed in supine position
after 10-minute rest using the oscillometric automatic VICORDER (SMT
Medical, Würzburg, Germany) device.19 To obtain the measurement, two
inflatable cuffs were placed, one smaller over the right carotid region to
measure carotid pulse wave and one larger around the right upper thigh to
measure the femoral pulse wave. Both cuffs were inflated to 60 mm Hg
and at least 10 consecutive carotid and femoral beats were recorded
simultaneously. The distance between external notch and the center of the
femoral cuff was measured with a tape over the body surface and used as
the path distance. The transit time between the two cuffs was computed
and cf-PWV calculated as the ratio between distance and transit time in
meters per second (m/s) with an in-built cross-correlation algorithm.
Participants with rhythm disorders were excluded to avoid interference
with AS measurements (n = 65).

Twenty-Four-Hours Ambulatory Blood Pressure Monitoring
Twenty-four-hours–ABPM recordingswere performed at working dayswith
the automated Spacelabs 90217-5Q (Spacelabs Healthcare, Issaquah, WA,
USA) device, validated according to the protocol of the British Hyperten-
sion Society.20 Participants were asked to fill a questionnaire regarding
sleeping and awaking periods and to follow their usual activities, although
avoiding intense physical exercise and excessive movement on their
nondominant arm during measurements. Readings were performed every
20 minutes during daytime (0600 to 2259 hours) and every 30 minutes
during nighttime (2300 to 0559 hours).

Twenty-four-hours–ABPM data were not considered in those with
o 70% valid measurements, o 2 measurements per hour during daytime,
and o 1 during the sleeping period or in those participantswho refused to
be tested.

Flowchart of the study taking into account cognitive diagnosis, brain
MRI, and valid AS measurements is presented in Figure 1.

Definition of Covariates
Education was calculated as the maximum years of formal education
accomplished from childhood to early adulthood. Baseline total cholesterol
was measured on an automated clinical chemistry analyzer (Olympus
AU2700, Diamond Diagnostics, Holliston, MA, USA). Diabetes mellitus was
defined by clinical records, history of diabetes, or being under oral
glucose–lowering drugs or insulin. Smoking habit was defined as active or
inactive. Blood pressure–lowering drug (BPLD) compliance was evaluated
by means of Morisky-Green scale.13 The use of several common BPLDs was
considered for this study: dihydropyridine calcium–channel blockers,
thiazides, -blockers, angiotensin-converting enzyme inhibitors, angioten-
sin receptor blockers, and also statin and antiplatelet use.

Statistical Analysis
For cognitive function analysis, DRS-2 total and subscale scores were
transformed into Z scores (individual mean− sample mean/s.d.) to obtain
distributions centered in 0 (s.d.= 1). Initiation/perseveration and concep-
tualization subscales were averaged to obtain an executive function score.

In univariate analysis, we related demographics, VRFs, ASmeasurements,
and cSVD with both cognitive function (total, attention, executive function,
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and memory scores) and cognitive status (MCI and NCA). Categorical
variables were compared using Pearson's 2, whereas T-test or Mann–
Whitney U-tests were used for continuous variables depending on their
distribution. Correlations with cognitive function scores were assessed by
means of Spearman's test.

To determine whether AS measurements in the office or obtained
during the ABPM recordingswere independently associated with cognitive
function and cognitive status, multivariate models were performed.

Each model tested the effect of a different office (PP or cf-PWV) or
ABPM-related (24 hours, day or night PP) AS measurement with cognitive
outcome and was adjusted by age, sex, education, diabetes, total
cholesterol, smoking, heart rate, BPLDs, statins, antiplatelet treatment
(when appropriate), SBP of the period being analyzed (model 1), and
additionally by number of lacunar infarcts and deep WMHs (model 2). The
selection of these covariatesasconfounderswasbased either in the results
of our analysis or in the previous literature concerning cognitive function
and cognitive status. Heart rate was included since it influences AS
measurements. Interactions between PP and cSVD lesions were tested but
none was significant.

In the case of cognitive function linear regression modelswere used and
results are given as beta and 95% confidence interval (CI). For cognitive
status, logistic regression models were performed and results were given
as odds ratio (OR), CI of 95%. Statistical significance was set at P-values
o 0.05. All analyses were performed using SPSS version 17.0. (SPSS Inc.,
Chicago, IL, USA)

RESULTS
Baseline Characteristics
The mean age of the sample was 62.8 years and 50.1% were
women. Almost all participants (95%) received BPLDs and were
long-standing hypersensitive individuals (median time since
diagnosis was 8 years). Few participants had moderate to severe
periventricular (4.6%) and deep (8.6%) WMHs and 7.5% had
lacunar infarcts.

Regarding AS measurements, cf-PWV was 10.6 (±2.2) m/s.
Office, 24-hour, daytime, and nighttime PP values are shown in
Table 1. Office PP was higher than any of the other ABPM-related
PP measurements.

Factors Related to Cognitive Function
Demographical characteristics such as age (correlation coefficient r
ranging from −0.11 to −0.29) and education (r ranging from 0.23 to
0.49) were correlated to global, attention, memory, or executive
functions as expected. As it is shown in Supplementary Table 1,
cognitive function was also different in men and women and
smokers and nonsmokers. Concerning BPLDs, we found that those

who were on angiotensin-converting enzyme inhibitors had lower
attention score than those who were not (Po 0.05).

Regarding measures of AS, cf-PWVwas inversely correlated with
executive function (P= 0.02) and total (P= 0.06) scores. As for PP,
all measurements (office and all ABPM-related measurements)
were negatively correlated to all cognitive subscales (all Po 0.05),
except memory, with the strongest correlations for total DRS-2.

Regarding cSVD lesions, whereas the number of lacunar infarcts
was not related to cognitive function, higher WMH grade,
especially in deep localization, was inversely related to total and
some cognitive subscales (all P 0.01).

Next, we evaluated whether all these AS-related measurements
were independently associated with cognitive function after
adjustment by age, sex, education, BPLDs, antiplatelet and statin
treatments (when appropriate), SBP of the period analyzed and
other VRFs (model 1), and after further correction for cSVD lesions
(model 2) in several linear regression models (one for each
cognitive subscale and for each office or ABPM-related PP
measurement). After adjustment, most associations were lost
and only daytime PP remained as independent predictor for
attention (beta=−0.22, 95% CI −0.40, −0.04, model 1) together
with education (for the rest of analyses, data not shown). Further
adjustment for cSVD yielded similar results for daytime PP
(beta=−0.22, 95% CI −0.41, −0.03, model 2) and education
(beta= 0.07, 95% CI 0.05, 0.10; for rest of the analyses, data not
shown).

Factors Associated with Cognitive Status (Mild Cognitive
Impairment and Normal Cognitive Aging)
Regarding cognitive status, our univariate analysis showed that
MCI participants had less education years than NCA (85,8 versus
8,7,12 Po 0.05), who were more on thiazide treatment (62.7%
versus 45.4%, Po 0.05) and antiplatelet drugs (29.2% versus
16.2%, Po 0.01). Higher SBP of ABPM was found for any period in
MCI participants than in NCA.

Besides, PPwas higher in MCI participants than NCA in ABPM at
24 hours (55.2 (10.6) versus 49.3 (10.4), P= 0o 1), day (56.0 (10.3)
versus 50.8 (10.8), Po 0.05), and night (52.7 (12.4) versus 47.1
(11.1), Po 0.05). We explored whether the relation between PP
and MCI was linear or there were any J- or U-shape relationship
and the last were not found. Therefore, PP was considered as a
continuous variable afterwards.

In contrast to ABPM, none of the office measurements, neither
PPnor cf-PWVwere significantly different between groups. Results
comparing cognitive status are shown in Table 2.

Figure1. Study flowchart. ABPM, ambulatory blood pressure monitoring; cf-PWV, carotid–femoral pulse wave velocity; DRS-2, Dementia Rating
Scale second version; MCI, mild cognitive impairment; MRI, magnetic resonance imaging; NCA, normal cognitive aging; PP, pulse pressure.
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Multivariate analyses considering cognitive status as the
outcome measure were performed. For time periods, only
nocturnal PP remained independently associated with MCI, (OR
per s.d. increase in nocturnal PP= 2.254, 95% CI 1.029, 4.939)
together with education after adjustment by covariates of model 1
(age, sex, education, thiazide and antiplatelet use, SBP of the
corresponding period, and the other VRFs). Additional correction
for the presence of cSVD lesions yielded similar results in night
PP per s.d. increase (OR= 2.552, 95% CI 1.137, 5.728). In this last

model also years of education (OR= 0.860, 95% CI 0.759, 0.976)
and deep WMHs (OR= 1.903, 95% CI 1.096, 3.306) were associated
with MCI. Systolic BP was not independently associated with MCI
in any period. Results for other time periods are shown in Table 3.

Moreover, ABPM-related PP measurements were also increased
in subjects with cSVD (all Po 0.05, data not shown).

We explored the relation of cognitive status jointly with the
presence of cSVD lesions and AS. Figure 2 represents levels of
daytime and nighttime PP according to cognitive diagnosis and
presence or absence of cSVD.

DISCUSSION
This observational study in middle- and old-aged hypertensive
participants showed that daytime and nighttime PP (as
measures of AS) obtained with 24-hour ABPM were associated
with attention function and with MCI, respectively. These findings
were independent of demographic factors, BP levels, treatments,
and other VRFs and, were not attenuated considering the presence
of cSVD.

The relation between large-artery stiffness with cognitive
function, cognitive impairment, or dementia was reported by
several6 (but not all)7,8 clinical and community-based studies.
Several of those studies used cf-PWV, to assess AS. When PP was
used to assessASarelation with cognitive outcomeswere seen.21,22

Poor global cognition or poor performance in selected cognitive
functions, such asexecutive function and memory,were reported in
those with higher PP in the general population.21,23 Also a relation
between cognitive impairment, especially vascular dementia
including Alzheimerʼs disease, and cognitive decline was observed
in those with higher cf-PWV and PP.11,24

In our case, inverse correlations were observed between cf-PWV
and global and executive functions, although they were lost after
correcting for VRFs and cSVD. Some remarkable differences exist
between ours and previous studies. Most of the previous studies
on cf-PWV and cognitive outcomes performed only univariate
analysis or adjusted their analysis only by age, sex, and
educational level as main confounders.6 Some others corrected
also for VRFs7,22 and one further adjusted by cSVD.21 In the latter,
including the presence of cSVD in the analyses led to the loss of
the associations between cf-PWV and cognitive function, as we
found. In addition, our study characteristics may underlie these
differences, as our participants were younger than in previous
cohorts and most of them were treated with BPLDs.

In contrast to office cf-PWV and also office PP, here we provide
evidences that serial PP determinations obtained by means of 24-
hour ABPM are independently associated with cognitive status
and function. Ambulatory blood pressure monitoring provides a
more accurate and reproducible BP measurement than office BP
assessment and it is a well-recognized tool to predict cardiovas-
cular risk in hypertensive patients.25 Besides, office measurements
are greater influenced by environmental circumstances like white-
coat effect that alters values of both cf-PWV and PP
measurements.12,25 The main advantage of ABPM as compared
with cf-PWV assessment is its widespread use in the primary care
setting, which is the first place where those with cognitive
complaints are evaluated.

Previous studies investigated the role of ABPM-related PP
measurements in relation to cognition and cognitive status. One
of these studies diagnosed MCI participants after sequentially
applying two screening tests in hypertensive patients at a
cardiology clinic and found an association between MCI and higher
24-hour, day, and night PP measurements in the univariate
analysis.9 Another one, also showed that in a memory clinic,
ambulatory PP measurements were inversely associated with
attention function after adjusting for age and education and
showed a relation between higher PP and vascular dementia, but
no association was found between MCI and 24-hours PP

Table 1. Descriptive characteristics of the study sample

Characteristics All (N= 699)

Office characteristics
Age, years 62.8 (5.3)
Sex, female 350 (50.1%)
Education, years 8 (7, 12)
Office SBP, mm Hg 142.7 (15.8)
Office DBP, mm Hg 77.5 (71.0, 83.5)
Office PP, mm Hg 65.2 (13.4)
BP-lowering drugs 664 (95.0%)
Poor compliance of BP-lowering drugs 309 (44.2%)
Hypertension duration, years 8 (5,12)
Heart rate, bpm 69.1 (11.1)
Diabetes mellitus 160 (22.9%)
Total cholesterol, mg/dL 218.0 (188.0, 245.0)
Current smoker 104 (14.9%)
Cf-PWV, m/s 10.6 (2.2)

Treatments
Dihydropyridine calcium–channel blocker 104 (15.5%)
Thiazide 316 (47.1%)
-Blocker 151 (22.5%)

Angiotensin-converting enzyme inhibitor 189 (28.2%)
Angiotensin receptor blocker 319 (47.5%)
Statin 277 (41.3%)
Antiplatelet 122 (18.2%)

Ambulatory blood pressure monitoring
24-hour SBP, mm Hg 126.4 (12.3)
24-hour DBP, mm Hg 76.6 (71.3, 81.0)
24-hour PP, mm Hg 49.9 (10.5)
Day SBP, mm Hg 132.2 (12.3)
Day DBP, mm Hg 81.1 (75.7, 86.2)
Day PP, mm Hg 69.4 (8.0)
Night SBP, mm Hg 117.1 (14.6)
Night DBP, mm Hg 69.2 (63.4, 74.6)
Night PP, mm Hg 47.6 (11.3)

Cerebral small–vessel disease
Lacunar infarcts, any 51 (7.5%)
Number of lacunar infarcts

648 (92.5%)None
Single 38 (5.6%)
Multiple 13 (1.9%)

Periventricular WMH

Grade o 2 667 (95.4%)
Grade 2 32 (4.6%)

Deep WMH score (Fazekas scale)
639 (91.4%)Grade o 2

Grade 2 60 (8.6%)

Abbreviations: BP, blood pressure; bpm, beats per minute; cf-PWV, carotid–
femoral pulse wave velocity; DBP, diastolic BP; PP, pulse pressure; SBP,
systolic BP; WMH, white matter hyperintensity. For continuous variables
mean (s.d.) or median (interquartile range) and for categorical variables
count (%) are given.
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measurements.26 Our results are therefore in agreement with those
studies but some important differences should be noted among
them.They had small sample size not only in MCI but also in control
groups, one only used cognitive screening tools to diagnose
cognitive impairment, the other one did not separate the results for
the different ABPM periods and none of them corrected their
analysis for VRFs and MRI lesions.

Regarding the relevance of the timing of PPassessment, it is well
known that PP is defined by structural (stroke volume, velocity of
ventricular ejection, and arterial compliance) and functional com-
ponents and indeed these components might differ between day
and night, after a circadian rhythm. During daytime, neurohumoral
systems like the renin–angiotensin–aldosterone system are acti-
vated and sympathetic activity (that causes vasoconstriction)
predominates. In contrast, while we sleep parasympathetic activity
increases while a decrease in sympathetic and renin–angiotensin–
aldosterone system activity is observed. Thus, the sleeping

Table 2. Univariate analysis of cognitive status with VRFs, arterial stiffness measurements, and cerebral small–vessel disease

Characteristics Normal cognitive
aging (N= 628)

Mild cognitive
impairment (N= 71)

P-value

Office characteristics
Age, years 62.7 (5.3) 63.2 (5.5) 0.35
Sex, female 309 (49.2%) 40 (56.3%) 0.25
Education, years 8 (7, 12) 8 (5, 8) o 0.05
Office SBP, mm Hg 142.3 (15.6) 143.5 (17.6) 0.73
Office DBP, mm Hg 77.5 (71.0, 84.0) 76.5 (67.0, 82.5) 0.10
Office PP, mm Hg 64.9 (13.2) 67.7 (14.4) 0.11
Poor compliance of BPLDs 276 (43.9) 33 (46.5) 0.68
Heart rate, bpm 69.4 (11.1) 66.1 (10.9) 0.27
Diabetes mellitus 140 (22.3%) 20 (28.2%) 0.26
Total cholesterol, mg/dL 218.0 (188.0, 245.0) 224.5 (185.0, 246.7) 0.39
Current smoker 92 (14.6%) 12 (16.9%) 0.61
Cf-PWV, m/s 10.7 (2.2) 10.5 (2.5) 0.64

Treatments
Dihydropyridine calcium–channel blocker 90 (14.9%) 14 (20.9%) 0.19
Thiazide 274 (45.4%) 42 (62.7%) o 0.05
-Blocker 137 (22.7%) 14 (20.9%) 0.74

Angiotensin-converting enzyme inhibitor 291 (48.2%) 28 (41.8%) 0.32
Angiotensin receptor blocker 165 (27.3%) 24 (35.8%) 0.14
Statin 271 (41.3%) 34 (47.2%) 0.33
Antiplatelet 106 (16.2%) 21 (29.2%) o 0.01

Ambulatory blood pressure monitoring
24-hour SBP, mm Hg 125.9 (12.1) 130.6 (13.1) 0.02
24-hour DBP, mm Hg 76.5 (71.5, 81.1) 77.7 (70.3, 80.3) 0.37
24-hour PP, mm Hg 49.3 (10.4) 55.2 (10.6) o 0.01
Day SBP, mm Hg 131.8 (12.2) 135.6 (13.0) 0.06
Day DBP, mm Hg 81.1 (75.9, 86.2) 79.4 (72.8, 86.4) 0.18
Day PP, mm Hg 50.8 (10.8) 56.0 (10.3) o 0.05
Night SBP, mm Hg 116.6 (14.3) 121.9 (16.6) 0.04
Night DBP, mm Hg 69.2 (63.6, 74.6) 69.9 (62.7, 75.0) 0.49
Night PP, mm Hg 47.1 (11.1) 52.7 (12.4) o 0.05

Cerebral small–vessel disease
Number of lacunar infarcts 0.04

None 585 (93.2%) 63 (88.7%)
Single 34 (5.6%) 4 (5.9%)
Multiple 9 (1.4%) 4 (5.9%)

Periventricular 0.12
Grade o 2 578 (92.0%) 61 (85.9%)

50 (80%) 10 (14.1%)Grade 2
Deep WMH score (Fazekas scal ) 0.01

Grade o 2 604 (96.2%) 63 (88.7%)
Grade 2 24 (3.8%) 8 (11.3%)

Abbreviations: BPLD, blood pressure–lowering drug; bpm, beats per minute; cf-PWV, carotid–femoral pulse wave velocity; DBP, diastolic blood pressure; PP,
pulse pressure; SBP, systolic blood pressure; VRF, vascular risk factor; WMH, white matter hyperintensity. For continuous variables mean (s.d.) or median
(interquartile range) and for categorical variables count (%) are given. Significant values are shown in italics.

Table 3. Associations between cognitive status and arterial stiffness

Model 1 ORfor
MCI (95% CI)

Model 2 OR for
MCI (95% CI)

Office PP per s.d. 1.429 (0.825, 2.478) 1.485 (0.857, 2.575)
24-hour PP per s.d. 1.642 (0.834, 3.231) 1.969 (0.966, 4.102)
Day PP per s.d. 1.564 (0.785, 3.116) 1.842 (0.895, 3.791)
Night PP per s.d. 2.254 (1.029, 4.939) 2.552 (1.137, 5.728)
Cf-PWV per s.d. 1.143 (0.816, 1.602) 1.102 (0.775, 1.567)

Abbreviations: Cf-PWV, carotid–femoral pulse wave velocity; CI, confidence
interval; MCI, mild cognitive impairment; OR, odds ratio; PP, pulse pressure.
Model 1: Adjusted by age, sex, education, diabetes mellitus, total
cholesterol, smoking, heart rate, thiazides, antiplatelets, and systolic blood
pressure of the analyzed period. Model 2: Additionally adjusted by the
number of lacunar infarcts and deep white matter hyperintensities.
Significant values are shown in italics.
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period is less dependent on the effect of neurohumoral factors like
renin–angiotensin–aldosterone system and other environmental
stimulus and might be more suitable to predict outcomes. Our
results show a cross-sectional association of nocturnal PP with MCI
patients, which is independent of nocturnal BP values. This might
be surprising given the increasing evidence suggesting a role for
nocturnal hypertension predicting cardiovascular risk.27 But, in the
case of cognitive function and status, only a few case–control
studies have linked higher night SBP with lower cognitive
performance with Mini-Mental State Examination or mainly with
neurodegenerative dementia (Alzheimerʼs disease).28,29

Recently, 24-hours brachial PWV–recording devices have
appeared and showed good and reproducible measurements.30

Future studies should investigate whether 24-hours, daytime, or
nighttime PWV provide useful predictive information on cognitive
function and dementia, as we have shown for PP.

Other important findings in our study are that in middle-aged
and older-treated hypersensitive individuals, PPwas also related to
the presence of cSVD and both were related to MCI. A previous
observational study showed that ambulatory SBP at nighttime was
associated with the presence and progression of WMHs and SBPat
daytime was only related to WMH progression.31 Indeed, a
crosstalk has been described between large and small brain
arteries that might partly explain our findings. In normal
conditions, cerebrovascular autoregulation maintains cerebral
blood flow constant despite the changes in BP in large vessels
such as carotid and vertebral arteries thereby protecting the brain
from changes in perfusion pressure. However, an increase in PPhas
a greater effect on brain cells than in peripheral organs, since they
lack the protection of upstream-vasoconstricted vessels. So, small
brain arteries depend on their own resilience to adapt to high-
pressure fluctuations and the failure in this adaptation leads to
microvasculature damage (hypertrophic remodeling of the vessel
wall, lumen narrowing, and vessel rarefaction), which may not only
serve to protect the microcirculation from pulsatile barotrauma in
the presence of high PP, but also in return will cause an increased
resistance to blood flow.32 Microvascular disease may produce
hypoperfusion that could lead to cognitive impairment.33 Also,
microvascular disease may result in cerebral infarctions and takes
part in the genesis of WMHs as seen in previous studies.34 Then,
both the number of silent brain infarcts and WMHs were related to
cognitive impairment and dementia, in part because of disconnec-
tion of cortico-subcortical loops.35 Our results also showed that

daytime PP was associated with attention function, which is
considered to be localized in frontal regions that have cortico-
subcortical connections.36

Our findings might have therapeutic implications. Lifestyle
interventions like aerobic physical exercise have been shown to
reduce AS37 and also, a protective role for cognitive decline has
been suggested.38 Clinical trials with antihypertensive medication
also shown to be effective to reduce AS.39 However, inconsistent
results were shown when analyzing if antihypertensive treatment
was able to reduce the progression of cognitive decline and the
clinical onset of dementia.40 Although limitations of these trials
have been noted (i.e., cognitive results were analyzed as secondary
outcomes and with small sample sizes, short follow-up time, etc.), it
remains to be determined if reducing AShas any added effect on
reducing dementia and cognitive decline beyond what should be
expected by BP reduction. In our case, differences were seen with
different BPLDs both for cognitive status and cognitive function
(although they were not independent of VRFs and AS), further
research is therefore needed to clarify the differential effect of
BPLDs in cognitive impairment.

The strengths of this study are the relatively large sample size of
community-dwelling hypersensitive individuals without dementia
and stroke. Besides, AS measurements were performed by
different approaches with oscillometric devices, at different places
(office and ambulatory) and as single and multiple (24 hours)
assessments. Similarly, we used a standard MRI protocol for the
whole cohort and adjusted our results also for VRFs and cSVD. We
used a quite extensive cognitive screening test for the selection
and diagnosis of the participants that provide more information
than for instance Mini-Mental State Examination or other shorter
tests. However, using a comprehensive cognitive battery for all the
participants, and not in those who failed the DRS-2, just would
have diminished the rate of misdiagnosis associated with screen-
ing tests. Also using volumetric assessment of white and gray
matter would permit a more accurate quantification of cSVD.
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Supplemental Table 1. Univariate analysis of cognitive function with VRF, arterial stiffness and 
cerebral small vessel disease. 

Characteristic Z Total Z Attention Z Executive 
function 

Z Memory 

Age, years r=-0.29, 
p<0.01 

r=-0.21, 
p<0.01 

r=-0.27, p<0.01 r=-0.11, p<0.05 

Sex, male vs female 0.08(0.97) vs -
0.09(1.02) 

p=0.01 

0.11(0.82) vs -
0.12(1.16) 

P<0.05 

0.10(1.22) vs -
0.11(1.16) 

P<0.05 

-0.01 (0.99) vs 
0.01(0.98) 

p=0.60 

Education, years r=0.49, p<0.01 r=0.34, p<0.01 r=0.45, p<0.01 r=0.23, p<0.01 

Diabetes mellitus, 

yes vs. no 

-0.11(1.09) vs 
0.03(0.97) 

p=0.15 

-0.08(1.26) vs 
0.02(0.92) 

p=0.43 

-0.05(1.17) vs 
0.01(1.19) 

p=0.47 

-0.13 (1.16) vs 
0.04(0.94) 

p=0.12 

Total cholesterol, 

mg/dl 

r=0.03, p=0.42 r=-0.03, p=0.37 r=0.04, p=0.32 r=-0.01, p=0.84 

Current smoker, yes 

vs no 

0.17(0.91) vs -
0.04(1.01) 

p=0.05 

0.18(0.83) vs -
0.04(1.03) 

p=0.02 

0.18(1.12) vs -
0.04(1.20) 

p=0.07 

0.10(0.97) vs -
0.02(1.00) 

p=0.22 

cfPWV, m/s r=-0.07, p=0.06 r=0.01, p=0.91 r=-0.09, p=0.02 r=-0.02, p=0.61 

Long acting Calcium 

channel blocker use, 

yes vs. no 

-0.15(1.1) vs. 
0.03(0.98) 

p=0.12 

-0.10(1.0) vs. 
0.01(1.03) 

p=0.31 

-0.14(1.30) vs. 
0.03(1.17)  

p=0.19 

-0.06(1.11) vs. 
0.02(0.98) 

p=0.48 

Thiazide use, yes vs. 

no  

-0.06(1.01) vs. 
0.05(0.99) 

p=0.12 

-0.08(0.99) vs. 
0.06(1.05) 

vs. p=0.07 

-0.03(1.21) vs. 
0.04(1.16) 

p=0.43 

-0.03(0.99) vs. 
0.04(1.01) 

p=0.35 

Beta blocker use, 

yes vs. no 

0.03(0.97) vs. -
0.10(1.01) 

p=0.61 

-0.01(0.83) vs.-
0.01(1.08) 

p=0.98 

0.07(1.22) vs. -
0.14(1.17) 

p=0.43 

-0.04(0.99) vs. 
0.02(1.00) 

p=0.53 

Angiotensin 

converting enzyme 

inhibitor use, yes vs. 

no 

-0.04(0.95) vs. 
-0.04(1.05) 

p=0.28 

0.11(0.78) vs. -
0.12(1.20) 

p=0.003 

0.00(1.23) vs. 
0.00(1.015) 

p=0.21 

0.05(0.91) vs. -
0.04(1.07) 

p=0.99 

Angiotensin receptor -0.10(1.08) vs. 
0.04(0.97) 

-0.07(1.07) vs. 
0.02(0.01) 

-0.07(1.18) vs. 
0.03(1.18) 

-0.09(1.08) vs. 
0.04(0.96) 



blocker use, yes vs. 

no 

p=0.13 p=0.29 p=0.32 p=0.13 

Office PP, mmHg r=-0.15, 
p<0.01 

r=-0.09, 
p=0.01 

r=-0.15, p<0.01 r=-0.01, p=0.80 

24 PP, mmHg r=-0.24, 
p<0.01 

r=-0.14, 
p<0.05 

r=-0.21, p<0.01 r=-0.08, p=0.10 

Day PP per SD 

increase, mmHg 

r=-0.23, 
p<0.01 

r=-0.13, 
p<0.05 

r=-0.20, p<0.01 r=-0.08, p=0.11 

Night PP, mmHg r=-0.22, 
p<0.01 

r=-0.14, 
p<0.05 

r=-0.18, p<0.01 r=-0.08, p=0.12 

Any lacunar infarct p=0.53 p=0.57 p=0.35 p=0.79 

Number of lacunar 

infarcts 

r<-0.01, p=0.86 r=0.02, p=0.54 r=0.01, p=0.69 r<-0.05, p=0.95 

Subcortical WMH r=-0.16, 
p<0.01 

r=-0.09, 
p=0.01 

r=-0.13, p<0.01 r=-0.10, p<0.05 

Periventricular WMH r=-0.09, 
p=0.01 

r=-0.03, p=0.35 r=-0.10, p<0.05 r=-0.02, p=0.54 

Total WMH r=-0.15, 
p<0.01 

r=-0.08, 
p=0.02 

r=-0.13, p<0.01 r=-0.07, p=0.04 

Associations between continuous variables are expressed as correlation coefficient r and p-

value, mean (SD) and p-value or count (%) and p-value when one variable is not continuous. 

PP: pulse pressure. Cf-PWV: carotid-femoral pulse wave velocity. WMH: white matter 

hyperintensities. 

Significant values are shown in bold. 





Small Cortical Infarcts: Prevalence, Determinants And 
Cognitive Correlates In The General Population 

Small cortical infarcts in the general population 
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Lugt, MD, PhD; Albert Hofman, MD, PhD; M. Arfan Ikram, MD, PhD and Meike W. Vernooij, MD, PhD 

Background Cortical brain infarcts are defined as infarcts 
involving cortical grey matter, but may differ considerably 
in size. It is unknown whether small cortical infarcts have 
a similar clinical phenotype as larger counterparts. We 
investigated prevalence, determinants and cognitive 
correlates of small cortical infarcts in the general 
population and compared these to large cortical infarcts 
and lacunar infarcts. 

Methods 4905 individuals from a population-based study 
(age 63.95±10.99). Infarcts were rated on MRI and 
participants were classified according to mean infarct 
diameter into small ( 15mm in largest diameter) or large 
(>15mm) cortical infarcts,  lacunar infarcts or a 
combination of subtypes. Spatial distribution maps were 
created for manually labeled small and large infarcts. 
Participants underwent cognitive testing. Analyses were 
performed using multinomial regression and analysis of 
covariance. 
Results 381 (7.8%) persons had any infarct on MRI, among 
whom 54 with small (1.1%) and 77 (1.6%) with large 
cortical infarcts. Small cortical infarcts were mainly 
localized in external watershed areas, whereas large 
cortical infarcts were localized primarily in large arterial 
territories. Age (OR=1.06; 95% CI= 1.02,1.09), male sex 
(1.98;1.01,3.92) and smoking  (2.55;1.06,6.14) were 
determinants of small cortical infarcts. Participants with 
these infarcts had worse scores in delayed memory, 
processing speed and attention tests than persons 
without infarcts, even after adjustment for cardiovascular 
risk factors. 

Conclusions In the elderly, small cortical infarcts appear 
as frequent as large infarcts but in different localization. 
Our results suggest that small cortical infarcts share 
cardiovascular risk factors and cognitive correlates with 
large cortical, but also with lacunar infarcts. 
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Introduction 
In old age, cerebrovascular disease with ischemic stroke as 
the most common manifestation is highly frequent. Apart from 

their clinical presentation, brain infarcts are also common 
findings on brain MRI studies in the general elderly 
population.1 These MRI-defined infarcts have been related to 
risk of dementia and lower cognitive function,2, 3 even when the 
infarcts were clinically asymptomatic.1

The localization and number of infarcts have clinical 
implications. Cortical infarcts, especially if multiple, have been 
related to poor global and memory performance and 
inconsistently to worse processing speed.4-6 Conversely, 
lacunar infarcts in the subcortical regions have been frequently 
associated to executive dysfunction, decline of psychomotor 
speed and also memory deficits when affecting thalamic 
nuclei.1, 7

Recently, attention has been focused towards cortical 
microinfarcts, very small size infarcts only seen on microscopic 
pathologic studies or in vivo high field MRI.8-10 Based on 
features on pathologic examination and on their presentation 
in selected patient populations, these microinfarcts are 
currently considered a marker of cerebral small vessel 
disease. Although few clinical-pathological and community-
based studies have suggested that these lesions are related to 
dementia and low cognitive performance,11-14 potential clinical 
implications of these tiny lesions during life remain largely 
unknown. Though not microscopic in size, small sized cortical 
infarcts are also frequently seen on imaging studies in 
populations of asymptomatic persons or in community dwelling 
cohorts. However, to date we do not know if differences exist 
between small (but still visible) and larger cortical infarcts on 
conventional MRI. For example, it is unknown whether small 
cortical infarcts are pathophysiologically similar but just smaller 
in size compared to their larger counterparts or whether they 
should be considered as a separate subtype between 
microinfarcts and large cortical infarcts. It is in particular 
interesting to study whether these small cortical infarcts share 
determinants with their larger counterparts, whether they 
demonstrate a similar spatial distribution, and how these small 
cortical lesions affect cognitive function. 

Aim of the present study was to investigate the prevalence and 
distribution of small cortical infarcts in a general aging 
population, study their determinants and how these infarcts 
relate to cognitive function. We compared this to large cortical 
infarcts, lacunes and combined infarct types. 

Methods 

Participants The study is based on participants from the 
Rotterdam Study, a population-based study in The 
Netherlands that aims to investigate determinants of several 
chronic diseases among elderly people15. The original cohort 
consists of general population older than 55 years (n=7983) 
followed since 1990 and had been expanded with participants 
older than 45 twice, in 2000 (n=3011) and in 2006 (n=3932). 
Participants are invited every two or three years for the follow-
up visits. Since 2005 participants with no contraindications for 
brain MRI were invited to undergo brain MRI in each round of 
visits.   

For this analysis we used data from the last completed visit of 
the three cohorts (from 2005 to 2011). All participants 
underwent a brain MRI, were not demented and had data at 
least in one of the cognitive tests (N=4905).  

The Rotterdam Study has been approved by the medical 
ethics committee according to the Wet Bevolkingsonderzoek 



ERGO (Population Study Act Rotterdam Study), executed by 
the Ministry of Health, Welfare and Sports of the Netherlands. 
All participants gave written informed consent. 

MRI-defined infarcts The MRI protocol was described 
elsewhere.16 In short, we performed an identical brain MRI 
protocol with the same 1.5-T scanner. Brain infarcts were 
rated on T1 weighted (T1), proton density weighted (PD) and 
axial fluid-attenuated (FLAIR) sequences. For this study, only 
supratentorial infarcts were considered. We defined cortical 
infarcts as supratentorial lesions involving cortical gray matter, 
hypointense in axial T1 and hyperintense in PD and FLAIR 
sequences with a hyperintense rim surrounding them. A cut-off 
of 15 mm size between small and large cortical infarcts was 
based on mean cortical infarct diameter across the population 
as well as previous literature17 .So, in practice cortical infarcts 
were considered small when the widest diameter of tissue loss 
was  15 mm and large when >15mm. Examples of these 
infarcts are displayed in Figure 1. Lacunar infarcts were 
defined as lesions from  3 to <15 mm in the supratentorial 
region, without cortical grey matter involvement, and with 
cerebrospinal-like signal characteristics in all pulse sequences 
and with the presence of a hyperintense rim surrounding them 
on FLAIR. .16 Participants were categorized according to 
infarct type (no infarct, small cortical infarcts, large cortical 
infarcts, lacunar infarcts or combination of infarcts). 
Combination of infarct types was considered when a 
participant had both lacunar infarct(s) and any cortical 
infarct(s). Persons with both small and large cortical infarcts 
were categorized in the large cortical infarct category. In a 
sensitivity analysis, we checked whether grouping of these 
persons into the combination of infarct types changed the 
results (see also Statistical Analysis).  

Figure 1: Examples of small and large cortical infarcts. In the 
upper panels, a small cortical infarct (arrows) is shown in 
FLAIR (A) and T1 (B) weighted sequences. A magnification of 
the small cortical infarct image showing tissue loss (arrow) is 
displayed in C. A large cortical infarct (arrow) in the left 
temporal cortex is seen (D). 

Rating of presence of all infarcts was done by trained 
physicians. 16 Distinction between small and large cortical 
infarcts was performed afterwards by a single trained 
physician who was blinded to clinical information. First, the 
reading and measuring of cortical infarcts was performed with 
a digital picture archiving and communication system. Doubtful 
cases were decided by consensus of a senior neuroradiologist 
and a senior trained researcher. Second, labeling of small and 

large cortical infarcts was performed by marking the center of 
the lesion using in-house developed software. For analysis 
across the study population all T1 weighted MR scans and 
marked locations were registered to MNI template space 
(http://www.mni.mcgill.ca/).Using the marked locations spatial 
probability maps were constructed with kernel density 
estimation for small and large cortical infarcts separately. A 
Gaussian kernel was used to obtain the probability density 
function which showed the spatial distribution of the cortical 
infarcts. 

Cognitive assessment Cognitive performance was assessed 
in the same round of visits of the MRI examination. The 
cognitive battery included the 15-word verbal learning test 
(WLT, based on Reyʼs recall test), the Letter-digit substitution 
test (LDST), the Stroop test, the Purdue Pegboard test and a 
verbal fluency test (semantic category). 

We standardized the raw data with its Z score (individual test 
score minus mean test score of the entire sample divided by 
the standard deviation). 

As described previously,18 we calculated a general cognitive 
factor (G-factor) performing a principal component analysis 
incorporating Color-word interference subtask of the Stroop 
test, LDST, verbal fluency test, delayed recall score of the 15-
WLT and Purdue Pegboard Test of both hands. This analysis 
was performed on complete case data of 4135 persons. The 
G-factor was identified as the first unrotated component of the 
factor analysis and explained 50.9% of all variance in the 
cognitive tests. 

Assessment of covariates Cardiovascular risk factors were 
assessed during study visits either by interview or by physical 
examination or laboratory tests.19 Cardiovascular risk factors in 
our analysis included systolic and diastolic blood pressure, 
total and high-density (HDL) cholesterol, diabetes mellitus, 
smoking (never, previous smoker and current smoker) and 
being under blood pressure lowering drugs. 

Education level was divided into 7 categories: 0= primary , 
1=lower vocational , 2=lower secondary , 3=intermediate 
vocational , 4=general secondary , 5=higher vocational  and 
6=university. 

ApoE genotyping was performed on coded genomic DNA 
samples in 4587 cases (93.5%). Distribution of ApoE genotype 
and allele frequencies was in Hardy-Weinberg equilibrium. 

Statistical analysis For descriptive purposes, categorical 
variables were expressed in numbers and percentages. For 
continuous variables mean and standard deviation or median 
and interquartile range were used depending on their 
normality. 

We investigated the relation of several cardiovascular risk 
factors, blood pressure lowering drugs, education and ApoE to 
the different infarct groups (no infarcts, small cortical, large 
cortical, lacunar and combined infarct types) using multinomial 
logistic regression. Results are given in OR and 95% 
confidence interval. 

We used analysis of covariance to assess the relation of each 
cognitive test (Z score and G-factor) with the different infarct 
groups. In the first model the analysis was adjusted by age, 
sex and education. In the second model we additionally 
adjusted for several cardiovascular risk factors, blood pressure 
lowering drugs and ApoE4 alleles.  

We repeated the analysis after classification of participants 
with both small and large cortical infarcts into the combination 
of infarcts category. Also, we repeated the analysis after 
excluding those individuals who had a prevalent stroke. 
Results are given in mean group differences and 95% 
confidence interval. No infarct group was the reference 
category. 



 All the analyses were done using SPSS 19. P-values <0.05 
were considered significant. 

Results
Prevalence of any supratentorial brain infarct was 7.8% 
(n=381) in the entire population. Cortical infarcts had a mean 
diameter of 14.4±15.32. Of persons with infarcts, 54 (14.2%) 
had small, 77 (20.2%) had either large cortical infarct(s) or 
large and small cortical infarcts, 224 lacunar (58.8%) and only 
26 (6.8%) had combined infarct types.   

Table 1 shows the characteristics of the study population. 
Mean age was 63.9 years and 55% were women. 

Table 1. Population characteristics. 

Values are means (standard deviation) or numbers 
(percentage) or median [interquartile range]. Missing data: 
ApoE Alleles (318) 

Table 2 shows the relation of demographic characteristics, 
several cardiovascular risk factors, hypertension treatment and 
ApoE4 allele with infarct types. Small cortical infarcts were 
associated with increasing age, male sex and smoking 
compared to persons without infarcts. Otherwise, the use of 
blood pressure lowering drugs was associated to less 
presence of small cortical infarcts.  

Table 2. Association of infarct types with cardiovascular risk factors, hypertension treatment, education and ApoE4 alleles, using 
multinomial regression analysis. 

Small cortical infarcts 
 (N=54) 

Large cortical infarcts 
 (N=77) 

Lacunar infarcts 

 (N=224) 

Combined infarct 
types 

 (N=26) 
Age per year increase 1.06(1.02;1.09) 1.06(1.03;1.09) 1.07(1.05;1.08) 1.08(1.03;1.13) 
Sex, male 1.98(1.01;3.92) 2.13(1.22;3.73) 1.78(1.26;2.50) 0.62(0.24;1.62) 
Systolic blood pressure per 
mmHg increase 

1.01(0.99;1.03) 0.98(0.96;0.99) 1.01(0.99;1.02) 1.01(0.98;1.03) 

Diastolic blood pressure per 
mmHg increase 

0.98(0.95;1.01) 1.04(1.01;1.07) 1.01(0.99;1.03) 1.01(0.96;1.06) 

Use of blood pressure 
lowering drugs 

0.49(0.26;0.93) 0.58(0.34;0.97) 0.76(0.55;1.04) 0.98(0.40;2.43) 

Diabetes mellitus 1.36(0.55;3.36) 1.53(0.64;3.66) 0.76(0.51;1.16) 0.36(0.14;0.93) 
Total cholesterol per mmol/L 
increase 

0.92(0.68;1.23) 0.92(0.72;1.18) 0.90(0.77;1.04) 0.63(0.41;0.97) 

HDL cholesterol per mmol/L 
increase 

0.62(0.26;1.48) 1.14(0.58;2.22) 1.16(0.77;1.73) 0.47(0.13;1.67) 

Active smoker 2.55(1.06;6.14) 1.89(0.89;3.99) 1.99(1.22;3.27) 1.87(0.59;5.93) 
Past smoker 0.98(0.46;2.07) 1.03(0.57;1.86) 1.24(0.86;1.80) 0.58(0.22;1.53) 
Educational level 0.98(0.82;1.16) 0.88(0.76;1.02) 0.97(0.89;1.06) 1.22(0.95;1.57) 
ApoE4 one allele 0.99(0.51;1.95) 0.76(0.42;1.39) 1.01(0.72;1.43) 2.21(0.93;5.25) 
ApoE4 both alleles 1.98(0.46;8.57) 2.59(0.90;7.45) 1.99(0.92;4.30) - 

Values are OR and 95% CI. Reference category is no infarcts (N=4524). Significant values are bolded. 

Analysis is adjusted by all covariates (age, sex, education, systolic and diastolic blood pressure, use of blood pressure lowering drugs, 
diabetes mellitus, Total and HDL cholesterol, smoking habit and ApoE4). 

Figure 2 displays spatial distribution maps for all small and 
large cortical infarcts. Neither small nor large infarcts were 
uniformly distributed. The small ones were more frequently 

found in external border zone areas in frontal and parietal 
cortex. By contrast, large cortical infarcts were more frequently 
located in areas corresponding to large territorial zones of 
medial, anterior and posterior cerebral arteries. 

Figure 2: Spatial distribution maps for small and large cortical infarcts. Backgrounds are T1 weighted MNI templates overlayed with the 
colored spatial distribution maps. Axial (A) and coronal (C) cross-section  for small cortical infarcts showing accumulation of lesions in 
external borderzones. Axial (B) and coronal (D) cross-section showing accumulation of large cortical infarcts in temporoparietal cortex 
and left external occipital borderzone. Color scale, increasing probability of finding an infarct from below (transparency, lowest probability) 
to top (white, highest probability). 

Characteristic N=4905 
Age at scan (years) 63.9(±11.0) 
Sex, male 2208(45.0%) 
Systolic blood pressure (mmHg) 139.1(±21.4) 
Diastolic blood pressure (mmHg) 82.5(±10.9) 
Lowering blood pressure drugs 1329(36.1%) 
Diabetes mellitus 478(9.8%) 
Total cholesterol (mmol/L) 5.5(±1.1) 
HDL cholesterol (mmol/L) 1.4(±0.4) 
Active smoker 759(15.6%) 
Past smoker 2636(54.0%) 
Educational level 3[1,3]
ApoE4 one allele 1215(26.5%) 
ApoE4 both alleles 112(2.4%) 



Regarding cognitive function, Tables 3 and 4 display the 
results for the relation of different infarct types with cognitive 
performance. Compared to persons without infarcts, those with 
small cortical infarcts showed lower scores in delayed recall in 
WLT (Table 3) and Stroop test (Table 4) after adjusting for 
age, education and gender (model 1). The pattern of 
association between small infarcts and cognition showed 
similarities with both lacunes (for Stroop test)  and large 

cortical infarcts (for delayed memory in WLT and Stroop) as 
compared to persons without infarct. Large cortical infarcts 
and combined infarct type groups showed worse function on 
virtually all cognitive tests. Further correction for 
cardiovascular risk factors and ApoE4 genotype (model 2) did 
not change substantially the results, except for Stroop part 1 in 
large cortical infarcts and Stroop part 2 in small cortical infarcts 
that lost their significance (Table 4). 

Table 3. Association of cognitive performance with brain infarcts, using analysis of covariance.

Values represent difference in Z score for cognitive tests for each type of infarcts, compared to reference category (no infarcts). 
Significant values are bolded. 

Model 1: adjusted by age, education and sex. 

Model 2: Additionally adjusted by systolic and diastolic blood pressure, Total and HDL cholesterol, diabetes, smoking, blood pressure 
lowering drugs, ApoE4. 

Purdue both hands Stroop 1 Stroop 2 Stroop 3 Cognitive G-factor 
Small cortical infarct 
 Model 1 0.12(-0.12;0.37) 0.54(0.28;0.81) 0.27(0.01;0.54) 0.40(0.15;0.65) -0.22(-0.47:0.03) 
 Model 2 0.18(-0.13;0.37) 0.48(0.21;0.75) 0.21(-0.06;0.50) 0.42(0.16;0.69) -0.22(-0.48;0.03) 

Large cortical infarct 
 Model 1 -0.33(-0.54;-0.12) 0.27(0.04;0.50) 0.60(0.36;0.82) 0.50(0.29;0.71) -0.46(-0.67;-0.24) 
 Model 2 -0.32(-0.53;-0.10) 0.22(-0.01;0.45) 0.54(0.30;0.77) 0.49(0.27;0.71) -0.44(-0.66;-0.23) 

Lacunar infarct 
 Model 1 -0.32(-0.44;-0.20) 0.19(0.06;0.32) 0.21(0.08;0.34) 0.13(0.01;0.26) -0.27(-0.39;-0.15) 
 Model 2 -0.34(-0.46;-0.21) 0.20(0.06;0.33) 0.21(0.07;0.35) 0.13(0.01;0.26) -0.27(-0.40;-0.15) 

Combination of infarct types 
 Model 1 -0.67(-0.99;-0.35) 0.60(0.23;0.96) 0.78(0.41;1.15) 0.65(0.30;0.99) -0.87(-1.18;-0.57) 
 Model 2 -0.61(-0.93;-0.28) 0.52(0.16;0.89) 0.68(0.30;1.05) 0.62(0.26;0.98) -0.81(-1.12;-0.50) 



Table 4. Association of cognitive performance with brain infarcts, using analysis of covariance. 

Values represent difference in Z score for cognitive tests for each type of infarcts, compared to reference category (no infarcts). In the 
Stroop tests higher score means worse performance (longer time to complete the task). Significant values are bolded. 

Model 1: adjusted by age, education and sex. 

Model 2: Additionally adjusted by systolic and diastolic blood pressure, Total and HDL cholesterol, diabetes, smoking, blood pressure 
lowering drugs, ApoE4. 

When directly comparing cognitive performance of persons 
with small cortical infarcts with those who had other types, 
results were in similar direction. People with small cortical 
infarcts had on average better cognitive function than persons 
with other infarct types, except in Stroop part 3 that they had 
worse perfomance than people with lacunar infarcts (p<0.05). 
These results are shown in Supplemental Figure I. 

Repeating the analyses considering those participants who 
had both small and large cortical infarcts in the combination of 
infarcts category did not change the interpretation of results 
(data not shown).  

After exclusion of participants with previous symptomatic 
stroke (n=28), the associations of cognitive scores with small 
cortical infarcts (compared with no infarct group) remained, 
even after adjusting for the covariates in model 2 
(supplemental Tables I and II). However, virtually all the 
differences between infarct groups attenuated or disappeared 
(see supplementary figure II for G-factor, rest of data not 
shown).  

Discussion
In this general population of non-demented elderly participants 
we found that over 14% of persons with MRI-defined brain 
infarcts exhibit only small-sized (  15 mm) cortical infarcts 
(overall prevalence 1.1%). Our most important findings are 
that small cortical infarcts are located preferentially in the 
external border zone areas and share determinants with other 
infarct types. Besides, small cortical infarcts are associated 
with delayed memory deficit and worse scores in attention, 
information processing speed and interference of automated 
response tasks. Loss of cognitive function associated with 
small cortical infarcts is however less severe compared to 
large cortical infarcts, lacunes and combined infarct types.  

Strengths of our study are its population based-design and 
large sample size. Some limitations of our study should be 
considered. First, our study is cross-sectional and therefore we 
cannot establish causality. Second, we did not separately rate 
infratentorial infarcts that might influence cognitive functions. 
20. Third, also in absence of a clear definition of small and
large infarcts, we chose a cut off based on the size distribution 
in our own population and on literature on small cortical 
infarcts in subacute stroke.17  

Prevalence of small cortical infarcts in our study was 1.1% of 
the whole cohort. That is lower than non-demented 
microinfarct autopsy-based studies (range from 6-43%) and 
microinfarct prevalence assessed by high field 7-T MRI in the 
control groups of clinical setting (range 27-45%).9, 10 But it is 
similar to large cortical infarcts in our cohort (1.6%) and to 
prevalence estimates of small-sized and larger cortical infarcts 
found in other community-based studies assessed by 1.5 and 

3-Tesla MRI (size range 3 to 16 mm, prevalence range 2.7 
to 6.4%).4-6 Small cortical infarcts were associated with male 
sex and increasing age similar to large cortical and lacunar 
infarcts. Besides, they shared determinants with large cortical 
infarcts and also with lacunar infarcts.  

The different spatial distribution of small and large cortical 
infarcts suggests a different pathophysiological mechanism, 
but studying the disease mechanisms is beyond the objectives 
of our general population analysis. However, despite having 
similar risk factors, large cortical infarcts were frequently found 
in the territories of large intracranial vessels suggesting 
atherosclerosis of these vessels or embolism while small ones 
were frequently seen in external borderzone areas suggesting 
hypoperfusion or embolic mechanism. 21 Similarly, previous 
studies have found that microinfarcts were preferentially 
located in watershed areas of pure Alzheimerʼs disease 
autopsy cases 22 and etiology was suspected to be 
hypoperfusion.23  

Previous groups have also published associations between 
cognitive performance and brain infarcts. However, some did 
not take into account cortical or subcortical localization,24 and 
most did not take into account lesion size2, 4, 5 or included only 
a limited number of participants5, 6. To our knowledge this is 
the first study that evaluates small cortical infarcts in a large 
sample of not demented individuals. It shows that despite the 
limited size of these infarcts they have an adverse effect in 
cognition. 

Compared to healthy individuals, those with small cortical 
infarcts had a worse cognitive performance in delayed memory 
recall and executive function (attention, processing speed and 
answer inhibition). Besides, their decreased performance in 
both domains is similar to the one achieved by people with 
large cortical and lacunar infarcts although of different 
magnitude. When directly comparing with any infarct groups, 
task performance is better for small cortical infarcts in most 
tests suggesting an intermediate affection of these smaller 
lesions. However, the effects on cognition of small cortical 
infarcts might be also partly due to their different lobar 
localization that is beyond the objectives of this study.  

We observed that exclusion of participants with previous 
symptomatic stroke did not alter the fact that persons with 
small cortical infarcts had worse cognitive function than 
controls. Moreover, differences in cognitive performance 
between infarct groups disappeared or attenuated. This 
suggests that despite the silent clinical course of small cortical 
infarcts they might be playing a covert role in cognition, which 
is to some extent similar to silent large cortical infarcts or silent 
lacunes. 

WFT LDST WLT immediate 
recall

WLT delay recall WLT recognition 

Small cortical infarct 
 Model 1 -0.17(-0.42;0.07) -0.24(-0.48;0.01) -0.09(-0.35;0.17) -0.30(-0.56;-0.03) -0.21(-0.49;0.08) 
 Model 2 -0.20(-0.46;0.06) -0.19(-0.44;0.07) -0.11(-0.38;0.16) -0.31(-0.59;-0.04) -0.16(-0.45;0.14) 

Large cortical infarct 
 Model 1 -0.28(-0.49;-0.07) -0.38(-0.58,-0.19) -0.20(-0.42;0.02) -0.40(-0.61;-0.17) -0.08(-0.31;0.16) 
 Model 2 -0.22(-0.44;-0.01) -0.33(-0.54;-0.13) -0.19(-0.42;0.03) -0.37(-0.60;-0.14) -0.09(-0.33;0.15) 

Lacunar infarct 
 Model 1 -0.12(-0.25;0.01) -0.25(-0.37;-0.13) -0.11(-0.24;0.02) -0.13(-0.26;0.01) -0.05(-0.19;0.09) 
 Model 2 -0.14(-0.27;-0.01) -0.25(-0.37;-0.12) -0.07(-0.21;0.06) -0.10(-0.24;0.04) -0.05(-0.20;0.09) 

Combination of infarct types 
 Model 1 -0.48(-0.83;-0.12) -0.64(-0.97;-0.31) -0.30(-0.65;0.04) -0.51(-0.86;-0.16) -0.12(-0.50;0.025) 
 Model 2 -0.39(-0.76;-0.02) -0.59(-0.93;-0.24) -0.24(-0.60;0.12) -0.42(-0.80;-0.06) -0.08(-0.48;0.31) 



In summary, small cortical infarcts in non-demented old people 
are frequently found in watershed areas and are associated 
with deficits in cognitive function by affecting memory and 
executive function. Our results suggest that small cortical 
infarcts share cardiovascular risk factors and cognitive 
correlates with large infarcts, but also with lacunar infarcts.   
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Supplemental Table I. Association of cognitive performance with brain infarcts after excluding prevalent stroke. 

WFT LDST WLT immediate 
recall WLT delay recall WLT recognition 

Small cortical infarct -0.20(-0.47;0.07) -0.16(-0.42;0.10) -0.08(-0.36;0.20) 
-0.32(-0.61;-

0.04)
-0.17(-

0.47;0.12) 

Large cortical infarct -0.14(-0.39;0.10) 
-0.23(-0.46;-

0.01) -0.02(-0.27;0.24) -0.24(-0.50;0.01) 0.09(-0.18;0.37) 

Lacunar infarct -0.14(-0.27;-
0.01)

-0.25(-0.37;-
0.12) -0.07(-0.21;0.06) -0.10(-0.23;0.04) -0.05(-

0.20;0.09) 

Combination of infarct 
types -0.19(-0.59;0.21) 

-0.41(-0.78;-
0.04) 0.06(-0.34;0.45) -0.21(-0.61;0.19) 0.13(-0.30;0.56) 

Values represent difference in Z score for each type of infarcts, compared to reference category (no infarcts). In the Stroop tests higher 
score means worse performance (longer time to complete the task). Significant values are bolded. 

Each regression model adjusted by age, education, gender, SBP, DBP, smoking, total cholesterol, HDL cholesterol, diabetes, blood 
pressure lowering drugs, Apo 4.  

Supplemental Table II. Association of cognitive performance with brain infarcts after excluding prevalent stroke. 

Purdue both hands Stroop 1 Stroop 2 Stroop 3 G-factor 

Small cortical infarct 0.12(-0.13;0.38) 0.51(0.23;0.79) 0.22(-0.06;0.50) 0.46(0.19;0.73) -0.23(-0.49;0.04) 

Large cortical infarct -0.25(-0.50;-0.01) 0.062(-0.19;0.31) 0.36(0.10;0.62) 0.44(0.20;0.68) -0.31(-0.55;-0.06)

Lacunar infarct -0.33(-0.46;-0.21) 0.20(0.06;0.33) 0.21(0.07;0.35) 0.13(0.01;0.26) -0.27(-0.39;-0.15)

Combination of infarct types -0.48(-0.83;-0.12) 0.23(-0.17;0.63) 0.46(0.05;0.87) 0.36(-0.03;0.76) -0.51(-0.85;-0.17) 

Values represent difference in Z score for each type of infarcts, compared to reference category (no infarcts). In the Stroop tests higher 
score means worse performance (longer time to complete the task). Significant values are bolded. 

Each regression model adjusted by age, education, gender, SBP, DBP, smoking, total cholesterol, HDL cholesterol, diabetes, blood 
pressure lowering drugs, Apo 4.  



Supplemental Figure 1: Mean and standard error of the mean for each neuropsychological test among different infarct groups after 
adjustment for covariates of model 2 (age, sex, education, systolic and diastolic blood pressure, diabetes mellitus, total and HDL 
cholesterol, smoking, blood pressure lowering drugs and ApoE4). In the Stroop tests higher positive values mean greater time to achieve 
the objective (worst performance). Asterisk represents statistically significant comparisons between groups with infarcts: *p 0.05, 
**p 0.005, ***p 0.001 

SCI: small cortical infarcts, LCI: large cortical infarcts, LI: lacunar infarcts, Comb: combination of infarct types 



Supplemental Figure II:  Mean and standard error of the mean of G-factor among different infarct groups after excluding prevalent 
stroke. Adjustment for covariates of model 2 (age, sex, education, systolic and diastolic blood pressure, diabetes mellitus, total and HDL 
cholesterol, smoking, blood pressure lowering drugs and ApoE4). *p 0.05, **p 0.005

 SCI: small cortical infarcts, LCI: large cortical infarcts, LI: lacunar infarcts, Comb: combination of infarct types 

No infarct  LI  SCI  LCI  Comb 

G-factor 








































































