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Abstract

The association of cerebral white matter lesions (WMLs) with cognitive status is not well understood in middle-aged
individuals. Our aim was to determine the specific contribution of periventricular hyperintensities (PVHs) and deep white
matter hyperintensities (DWMHs) to cognitive function in a community sample of asymptomatic participants aged 50 to
65 years. One hundred stroke- and dementia-free adults completed a comprehensive neuropsychological battery and
brain MRI protocol. Participants were classified according to PVH and DWMH scores (Fazekas scale). We dichotomized
our sample into low grade WMLs (participants without or with mild lesions) and high grade WMLs (participants with
moderate or severe lesions). Analyses were performed separately in PVH and DWMH groups. High grade DWMHs
were associated with significantly lower scores in executive functioning (—0.45 standard deviations [SD]), attention
(—0.42 SD), verbal fluency (—0.68 SD), visual memory (—0.52 SD), visuospatial skills (—0.79 SD), and psychomotor
speed (—0.46 SD). Further analyses revealed that high grade DWMHs were also associated with a three- to fourfold
increased risk of impaired scores (i.e.,<1.5 SD) in executive functioning, verbal fluency, visuospatial skills, and
psychomotor speed. Our findings suggest that only DWMHs, not PVHs, are related to diminished cognitive function

in middle-aged individuals. (JINS, 2012, 18, 874-885)
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INTRODUCTION rather involve the periventricular white matter and the centrum
semiovale or subcortical white matter (Pantoni, 2002). WMLs
are common MRI findings in normal aging, stroke patients, as
well as in other neurological and psychiatric disorders. More
than half of all elderly individuals have WMLs on MRI (De
Leeuw et al., 2001; Enzinger, Fazekas, Ropele, & Schmidt,
2007; Longstreth et al., 1996), although prevalence depends
on methodological issues, such as study design, reference
population and WMLs assessment method (Pantoni, Poggesi,
) ) i & Inzitari, 2007).

Cc?rresponden.ce. and reprint requests to: Mz.u'la Mataro, Departmept of WMLs are considered an expression of cerebrovascular
Psychiatry and Clinical Psychobiology, University of Barcelona, Passeig de
la Vall d’Hebron 171, 08035 Barcelona, Spain. E-mail: mmataro @ub.edu small vessel disease (SVD), since previous studies have

Cerebral white matter lesions (WMLs) comprise diffuse areas
of hypodensity on computerized tomography (CT) and high
signal intensities on T2, proton density, and FLAIR magnetic
resonance image (MRI) sequences. Also known as leukoaraiosis
(Hachinski, Potter, & Merskey, 1987), these morphological
changes do not correspond to specific vascular territories but
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identified the possible ischemic nature of these brain changes
(Pantoni, 2002). Several studies reported an association
between cerebrovascular risk factors and WMLs—primarily
age, hypertension, and diabetes mellitus (Basile et al., 2006;
Van Swieten et al., 1991; Verdelho et al., 2007). Individuals
with these brain lesions also have a higher risk of stroke
(Debette & Markus, 2010; Kuller et al., 2004; Yamauchi,
Fukuda, & Oyanagi, 2002) and vascular death (Debette &
Markus, 2010; Inzitari, Cadelo, Marranci, Pracucci, & Pantoni,
1997; Kuller et al., 2007). WMLs are also commonly asso-
ciated with other signs of SVD, such as lacunar infarcts and
microbleeds (Van Dijk, Prins, Vermeer, Koudstaal, & Breteler,
2002; Wardlaw, Lewis, Keir, Dennis, & Shenkin, 2006).

The advent of neuroimaging as a tool for clinical practice
and the high prevalence of detected age-related WMLs have
raised questions about the potential impact of WMLs on
cognitive functioning (Fazekas, Enzinger, Ropele, &
Schmidt, 2009). Some early studies (Junqué et al., 1990;
Steingart et al., 1987) reported that WMLs were associated
with cognitive impairment. Histopathological data suggested
that such MRI findings corresponded to myelin reduction
(Fazekas et al., 1991). Other investigations (Hunt et al., 1989)
did not find this association. Given the high prevalence of
these lesions, even in the normal aging population, sceptics
reasoned that WMLs were unlikely to be associated with
cognitive consequences. Nevertheless, WMLs have con-
sistently been associated with cognitive function in many
other recent studies (Frisoni, Galluzzi, Pantoni, & Filippi,
2007; Pantoni et al., 2007; Schmidt et al., 2011). Cognitive
consequences have been attributed to frontal-subcortical cir-
cuit involvement (Linortner et al., 2010; Schmidt, Enzinger,
Ropele, Schmidt, & Fazekas, 2006), and the cognitive
domains more related to WMLs are executive functions and
processing speed (Cohen et al., 2002; De Groot et al., 2000;
DeCarli et al., 1995; O’Brien et al., 2003; Pantoni et al., 2007;
Schmidt et al., 1993; Ylikoski et al., 1993). Associations
between WMLs and cognitive function have been reported in
community-dwelling healthy participants (De Groot et al.,
2000), high risk populations [i.e., mild cognitive impairment
(MCI)] (Bombois et al., 2007), and individuals with dementia
(Graham, Emery, & Hodges, 2004). In community-dwelling
healthy participants, WMLs have been related to deficits in
processing speed, attention, abstract reasoning, planning,
memory, and global mental functioning (DeCarli et al., 1995;
Pantoni et al., 2007; Schmidt et al., 2011; Vannorsdall,
Waldstein, Kraut, Pearlson, & Schretlen, 2009). Several
longitudinal studies have reported that WMLs are related not
only to cognitive function but also to cognitive decline and
incident dementia, with individuals with moderate and severe
lesions declining the most (Longstreth et al., 2005; Prins
et al., 2004).

Despite considerable data, caution is mandatory, since
WDMLs are not the only change in the brain responsible for
cognitive disturbances in the elderly (Pantoni et al., 2007).
First, WMLs are only a part of the spectrum of SVD.
Therefore, their effect should be considered together with that
of other SVD-related lesions such as lacunar infarcts. Second,

https://doi.org/10.1017/51355617712000677 Published online by Cambridge University Press

875

the cognitive status of elderly participants is not only associated
with SVD-related pathology, but also with degenerative changes
that often coexist.

Although previous research has provided evidence for
some impact of WMLs on cognitive function, the clinical
relevance of this association remains controversial (Andersson,
2010; Wallin & Fladby, 2010). Clinical presentation on the
individual level is most likely influenced by severity and
regional distribution of WMLs (Desmond, 2002; Pantoni
et al., 2007). The association of WMLs with cognitive func-
tion is probably mediated by severity of white matter damage,
with mild degrees unlikely to be related to worse cognitive
performance (Pantoni et al., 2007; Prins et al., 2005; Schmidt
etal., 2005, 2011; van der Flier et al., 2005). It is likely that a
threshold exists in WMLs load (Boone et al., 1992; DeCarli
et al., 1995; van der Flier et al., 2005), beyond which cognitive
function is affected.

Regarding regional distribution, WMLs are usually divi-
ded into two groups depending on their anatomical position:
those immediately adjacent to the ventricles (periventricular
hyperintensities or PVHs) and those located in the subcortical
or deep white matter (deep white matter hyperintensities or
DWMHs). Both regions can contain not only SVD-related
lesions but also non-ischemic changes (Fazekas, Schmidt, &
Scheltens, 1998). In the periventricular area, “caps”, “lining”,
“bands”, or “halos” reflect non-ischemic changes on MRIL
Histopathological correlates include disruption of the ependy-
mal lining, myelin pallor, and some subependymal astrogliosis
(Schmidt et al., 2011). In the subcortical or deep white matter,
“punctate” DWMHs may also result from non-ischemic etiol-
ogies, such as widening of perivascular spaces (Fazekas et al.,
1993). Only “irregular” PVHs extending to deep white matter
and “early confluent” and “confluent” DWMH are clearly
related to SVD. They mostly relate to extensive demyelination
and axonal loss (Fazekas et al., 1998).

Bowler and Hachinski (2003) have argued that both types
of WMLs should be analyzed separately, given that PVHs
and DWMHs may differ in their pathogenesis and clinical
significance. While some investigations did not find any
differences between the clinical presentation of each lesion
type (Burns et al., 2005; Jokinen et al., 2005), an increasing
amount of evidence supports a specific role for PVHs versus
DWMHs on cognitive functioning. The differential impact of
PVHs versus DWMHs remains unclear, since previous
research has yielded contradictory findings. In community-
dwelling individuals (De Groot et al., 2000), MCI (Debette
et al., 2007) and demented samples (Bracco et al., 2005), a
predominant role of PVHs has been reported, while other
studies have found a stronger association with DWMHs in
the same settings (community-dwelling: Sachdev, Wen,
Christensen, & Jorm, 2005; MCI: Delano-Wood et al., 2008;
demented: Sachdeyv et al., 2004). De Groot et al. (2000) were
the first team to specifically analyze the independent cogni-
tive association of PVHs versus DWMHs in a large sample of
elderly participants. They found a predominant role for PVHs
related to global dysfunction, verbal memory, and psycho-
motor slowness. On the other hand, Sachdev et al. (2005)
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reported a stronger association between DWMHs with motor
abnormality and slowed information processing speed in a
young elderly community sample. Both visual rating (PVHs:
Bracco et al., 2005; DWMHs: Leaper et al., 2001) and volu-
metric studies (PVHs: Vannorsdall et al., 2009; DWMHs:
Sachdeyv et al., 2005) also reported conflicting results.

Most research about WMLs has involved participants
who are older than 65 years. However, these lesions are also
seen commonly in individuals in their 50s and early 60s,
especially those with risk factors for SVD, such as hyper-
tension and diabetes (Sachdev et al., 2005; Schmidt et al.,
1997). The association of WMLs with cognitive status and
the specific influence of regional distribution of WMLs on
cognitive functioning are not well understood in middle-aged
individuals. Some data suggest that DWMHs are distributed
in a more extensive area than PVHs (Inzitari, 2000) and that
their histopathological correlates may exert more severe
damage to white matter tracts than PVHs (Stenset et al., 2008;
Wen, Sachdev, Chen, & Anstey, 2006). Our hypothesis
is that high grade DWMHs will be more related to cognitive
function than high grade PVHs. In addition, to our knowledge,
studies using 3T MRI to examine the presence and severity of
SVD-related pathology in middle age are lacking. Thus, we
also sought to determine the prevalence and severity of
WDMLs and lacunar infarcts in a community-dwelling sample
aged 50 to 65 years.

METHODS

Study Design and Sample Selection

The Barcelona-AsIA (Asymptomatic Intracranial Athero-
sclerosis) Study is an ongoing collaborative research project
that includes 28 primary healthcare centers and a tertiary
stroke center. Complete details for the Barcelona-AsIA pro-
tocol have been described elsewhere (Lopez-Cancio et al.,
2011). In brief, participants underwent clinical examination,
blood analysis, complete extra- and transcranial Duplex
ultrasound study, and neuropsychological assessment.

The Barcelona-AsIA Neuropsychology Study is a related
prospective cross-sectional study that also includes the Uni-
versity of Barcelona whose objectives are (1) to investigate
the associations between cognition and vascular risk factors,
asymptomatic extracranial and intracranial atherosclerosis,
and asymptomatic cerebrovascular disease, and (2) to identify
clinical and radiological features and biological mechanisms
underlying these associations.

Participants were recruited from the PERART Study, an
ongoing population-based study to determine the prevalence
of peripheral arterial disease and to evaluate the predictive
value of ankle-arm index in relation to cardiovascular mor-
tality and morbidity (Alzamora et al., 2007). For the present
study, we consecutively recruited 132 participants aged 50 to
65 years who gave consent to undergo an extensive neuro-
psychological assessment and brain MRI. Of the original 132
participants, we excluded individuals with neurological dis-
ease or severe psychiatric disorder (n = 11); a Mini-Mental
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State Examination score <25 or severe disability (n = 3);
other medical diseases that could affect cognitive assessment
and function (n =4), such as tumors and blindness; contra-
indications to undergo MRI (z = 10), such as metallic prosthesis
and claustrophobia; unexpected brain findings (Vernooij
et al., 2007) detected on MRI (n = 2), and other causes (i.e.,
less than 75% of neuropsychological data available) (n = 2).
Each excluded participant was replaced by a participant with
the same sex and educational level. The final sample included
100 participants aged 50 to 65 years stratified by sex and
educational level.

This study has been approved by the ethics committees of
the University of Barcelona and the Germans Trias i Pujol
University Hospital. It was conducted in accordance with the
ethical standards of the Declaration of Helsinki. Written
informed consent was obtained from all participants.

Evaluation of Vascular Risk Factors and Depressive
Symptoms

Diagnosis of a particular vascular risk factor, such as arterial
hypertension, diabetes mellitus, dyslipidemia, or current
smoking status, was based on clinical history or use of
medication for the particular condition at the time of the
clinical examination. Depressive symptoms were assessed
with the Geriatric Depression Scale 15-item version (GDS-15)
(Sheikh & Yesavage, 1986). GDS-15 scores > 5 are indicative
of probable depression. Per our exclusion criteria, none of our
participants had GDS-15 scores > 5.

Neuropsychological Assessment

All participants completed an extensive neuropsychological
battery. Cognitive measures were grouped into eight cognitive
domains: executive functioning, working memory, attention,
verbal fluency, verbal memory, visual memory, visuospatial
skills, and psychomotor speed. Executive functioning (i.e.,
conceptualization, planning, and inhibition) was assessed with
the 64-item computerized version of the Wisconsin Card Sorting
Test (WCST-64) (Kongs, Thompson, Iverson, & Heaton, 2000)
and the interference score of the Color-Word Stroop Test
(Golden, 1978). Working memory was examined with Digit
Span Backwards from the Wechsler Adult Intelligence Scale
3rd edition (WAIS-III) (Wechsler, 1997a) and part B of the
Trail Making Test (Tombaugh, 2004). Attentional abilities were
assessed with a computerized version of the Continuous
Performance Test (Conners, 1995) and Digit Span Forward,
Symbol Search, and Digit Symbol Coding subtests from the
WAIS-III. Verbal fluency was measured with letter fluency
(letters P, M and R) (Artiola, Hermosillo, Heaton, & Pardee,
1999) and semantic category fluency (animals) (Strauss,
Sherman, & Spreen, 2006) in 60s. Word Lists and Visual
Reproduction from the Wechsler Memory Scale 3rd edition
(WMS-III) (Wechsler, 1997b) were administrated to measure
verbal and visual memory, respectively. Visual Discrimination
and the Copy from the Visual Reproduction subtest (WMS-III)
were used to evaluate visuospatial skills. Psychomotor speed
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Table 1. Distribution of composite Z-scores for cognitive domains and distribution of raw test scores according to severity and regional

distribution of WMLs
Low grade PVHs High grade Low grade DWMHs High grade
(without/mild) PVHs (moderate) (without/mild) DWMHs (moderate)
n=280 n=16 n=280 n=16
Executive functioning —0.02 (0.69) 0.18 (0.73) 0.11 (0.84) —0.38 (0.74)
WCST-64 perseverative errors 14.19 (6.56) 13.44 (4.79) 14.30 (6.46) 12.88 (5.32)
WCST-64 non-perseverative errors 15.95 (8.06) 14.44 (8.07) 14.44 (6.44) 22.00 (11.82)
Stroop Interference 0.78 (6.84) 2.14 (8.49) —0.08 (6.42) 0.44 (8.09)
Working memory 0.06 (0.85) —0.10 (0.81) 0.05 (0.63) —0.19 (0.64)
Digit Span Backwards 4 (3-5) 4 (3.25-5) 4 (3-5) 3 (34
Trail Making Test B 132.62 (61.57) 148.60 (67.05) 130.39 (61.03) 163.08 (65.42)
Attention 0.00 (0.76) 0.01 (0.84) 0.07 (0.76) —0.36 (0.76)
Digit Span Forward 5 (4-6) 5.5 (4-6) 5 (4-6) 5 (4-6)
CPT total errors 22.48 (15.77) 16.00 (8.42) 21.81 (15.51) 19.31 (12.09)
Symbol Search 19.89 (7.20) 22.31 (9.34) 20.73 (7.58) 18.13 (7.54)
Digit Symbol Coding 40.30 (14.15) 38.00 (12.99) 41.25 (13.69) 33.25 (13.58)
Verbal fluency 0.01 (0.80) —0.06 (1.00) 0.12 (0.79) —0.60 (0.81)
Letter (PMR) 11.38 (4.22) 9.94 (4.11) 29.34 (10.63) 24.00 (10.32)
Semantic (Animals) 16.79 (3.67) 16.75 (4.88) 17.38 (3.70) 13.81 (3.37)
Verbal memory 0.00 (0.88) 0.03 (1.02) 0.04 (0.90) —0.16 (0.89)
Word List (total recall) 26.64 (5.04) 26.25 (5.60) 26.89 (5.17) 25.00 (4.65)
Word List (delayed recall) 5.76 (2.21) 6.06 (2.57) 5.83 (2.27) 5.75 (2.27)
Visual memory —0.02 (0.91) 0.04 (0.54) 0.07 (0.85) —0.44 (0.78)
Visual Reproduction (immediate recall) 63.98 (16.98) 67.19 (10.93) 66.25 (16.03) 55.81(13.98)
Visual Reproduction (delayed recall) 42.79 (19.72) 42.31 (15.97) 44.41 (19.19) 34.19 (16.45)
Visuospatial skills 0.03 (0.77) —0.12 (0.68) 0.14 (0.62) —0.67 (1.23)
Visual Discrimination 7 (7-7) 7 (6.25-7) 7 (7-7) 7 (6-7)
Visual Reproduction (copy) 95 (92.25-99) 91 (89-97.50) 95.5 (92-99) 91.5 (87-98.75)
Psychomotor speed 0.02 (0.77) —0.14 (0.72) 0.08 (0.63) —0.47 (1.12)
Trail Making Test A 49.36 (19.63) 53.06 (22.77) 48.41 (17.09) 57.81 (23.45)
Grooved Pegboard (preferred hand) 74.09 (12.43) 74.13 (12.53) 72.91 (10.37) 79.88 (18.82)
Grooved Pegboard (non preferred hand) 82 (75-88) 86.5 (74.5-101) 82 (75-89) 85 (80-95.75)

Note. WMLs = white matter lesions; PVHs = periventricular hyperintensities; DWMHs = deep white matter hyperintensities; WCST-64 = Wisconsin Card
Sorting Test (64-item computerized version); CPT = Continuous Performance Test. Values are means (standard deviations) in Z-scores for each cognitive
domain. Values are means (standard deviations) or medians (interquartile range) for each raw test score. Trail Making Test and Grooved Pegboard results

are expressed in seconds.

was assessed with part A of the Trail Making Test and Grooved
Pegboard (Ruff & Parker, 1993). Participants’ raw scores were
normalized to Z-scores using the mean and standard deviation
of the sample. Composite Z-scores for each participant in each
cognitive domain were calculated by averaging the Z-scores of
all tests within that domain (Table 1).

Neuropsychological assessment also included the Mini-
Mental State Examination (Folstein, Folstein, & McHugh,
1975) as a global cognitive function test and the Vocabulary
subtest of the WAIS-III as a measure of premorbid intelligence.

MRI Scanning Protocol and Analysis

The MRI scanning protocol was performed with a Siemens
Magnetom Trio 3T scanner (Siemens Diagnostics Health-
care, Erlangen, Germany) at the Image Diagnosis Center
(Hospital Clinic, Barcelona, Spain). The MRI protocol
included a set of three-dimensional magnetization-prepared
rapid gradient echo (MPRAGE) T1-weighted images [repe-
tition time (TR): 2300 ms; echo time (TE): 3 ms; flip angle:
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15°; field of view: 245 mm; and voxel size: 1 X 1 X 1 mm, no
gap], axial T2-weighted images (TR: 5520 ms; TE: 92 ms;
and voxel size: 0.5 X 0.4 X 5mm, gap: 1.5mm) and axial
fluid attenuated inversion recovery (FLAIR) images [TR:
9040 ms; TE: 85 ms; inversion time (TI): 2500 ms; and voxel
size: 1.1 X 0.9 X 5mm, gap: 1.5 mm].

Location and severity of WMLs were estimated on T2
and FLAIR scans by a trained neuroradiologist (N.B.) using
the Fazekas scale (Fazekas, Chawluk, Alavi, Hurtig, &
Zimmerman, 1987). On MRI, WMLs appear hyperintense on
T2-weighted images. They also remain bright on FLAIR, a
T2-weighted sequence that suppresses the signal from fluid-
filled spaces. When only T2-weighted images are considered,
confusion may occur with lacunes, small infarcts, and peri-
vascular spaces (Fazekas et al., 2002). The Fazekas scale
provides two different scores (PVH and DWMH), rated on a
0- to 3-point scale of increasing severity. The sum of the PVH
and the DWMH scores provides a total score. Participants
were classified as having no lesion, or mild, moderate, or
severe lesions (0, 1, 2, or 3 points, respectively) in each
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Fig. 1. Fazekas scale ratings. (a) shows a participant with no periventricular hyperintensities (PVHs) or deep white matter
hyperintensities (DWMHs). (b) shows a participant with small caps and thin lining (mild) PVHs and punctuate (mild) DWMHs.
(c) shows a participant with thin lining (mild) PVHs and early confluent (moderate) DWMHs. (d) shows a participant with
smooth halo (moderate) PVHs and early confluent (moderate) DWMHs. There were no participants with severe lesions.

location. Examples of different ratings are shown in Figure 1.
The intrarater reliability was determined with 20 randomly
selected scans that were scored twice. Reliability was good
both for grading PVHs {weighted kappa with quadratic
weights = 0.69 [95% confidence interval (CI): 0.41 to 0.99]}
and for grading DWMHs [weighted kappa with quadratic
weights = 0.7 (95% CI: 0.41 to 0.99)].

Lacunar infarcts were defined as lesions with increased
signal intensity on T2-weighted images and decreased signal
intensity on T1-weighted and FLAIR images with a diameter of
5-15 mm, which were not located in areas with high prevalence
of widened perivascular spaces (Fazekas et al., 2002; Vernooij
et al., 2007). Their centers are isointense to cerebrospinal fluid
(CSF), and thus they should not be mistaken for WMLs.

Gray matter volume (GM), white matter volume (WM),
and total brain volume (TBV) were calculated with SIENAX
software  (http://www.fmrib.ox.ac.uk/fsl/siena/index.html)
on high resolution T1-weighted images (Smith et al., 2002).
Brain parenchymal volume (BP=GM + WM) was also
calculated to use the ratio BP/TBV as a normalized measure
of brain atrophy (Schmidt et al., 2005).

Statistical Analysis

Data analyses were carried out using statistical package SPSS
17.0 for Windows (SPSS Inc., Chicago, IL). Descriptive statis-
tics were calculated for demographic, clinical, neuropsycholo-
gical, and MRI data. Outlier analyses were conducted for all
continuous variables. There were no outliers. The assumption of
normal distribution for continuous variables was tested by
Kolmogorov-Smirnov test. The mean and standard deviation, or
the median and the interquartile range, were used to describe
participants’ characteristics for continuous variables (Table 2).
The distribution of the WMH scores was positively
skewed as expected, with most participants having no lesions
or mild lesions. Since mild lesions represent minimal cerebral
abnormalities and pathological correlations indicate that they
are of mixed origin, but moderate and severe lesions are
usually ischemic and related to cognitive function, we
dichotomized our sample into low grade WMLs (participants
with no lesions or mild lesions) and high grade WMLs (par-
ticipants with moderate or severe lesions). High grade PVHs

https://doi.org/10.1017/51355617712000677 Published online by Cambridge University Press

were thus defined as PVH > 1 and high grade DWMHs as
DWMH > 1.

To identify associations of demographic and clinical
variables with WMH burden, continuous variables were
evaluated with the Student’s # test for independent samples or
the Mann-Whitney test as appropriate. Categorical variables
were evaluated with Pearson’s 7> test or the Fisher’s exact
test as appropriate. Associations of demographic and clinical
variables with cognitive function were also tested with
Pearson or Spearman rank correlation coefficients to identify
other potential confounding and mediating variables that
might influence the association of WMLs with cognitive
function (Table 3).

Two types of analyses evaluated the specific contribution
of PVHs and DWMHs to cognitive function. In the first set of
analyses, cognitive test scores were analyzed as continuous
variables. Differences in cognitive performance (Z-scores)
were calculated between participants with high and low grade
WMLs using multivariate linear regression, with separate
analyses for PVHs and DWMHs. Linear regression models
were first adjusted (Model 1) for age, sex, years of education,
and treatable cardiovascular risk factors associated with WMH
burden or cognitive function (p=<.1). Models were also
adjusted (Model 2) for other brain changes usually related to
cognitive disturbances (brain atrophy and lacunar infarcts).

In the second set of analyses, cognitive test scores and
composite Z-scores were dichotomized into normal versus
impaired. Individual Z-scores <—1.5 on a cognitive test were
considered to be impaired (Lezak, Howieson, & Loring,
2004). A cognitive domain was considered impaired if at
least one of the tests within it was impaired. Multivariate
logistic regression was used to determine the odds ratios for
impaired cognitive performance associated with high grade
WMLs, with separate analyses for PVHs and DWMHs.
Logistic regression models were adjusted for potential con-
founders as described above.

RESULTS

Due to technical difficulties on MRI acquisition, four parti-
cipants were excluded from the sample. There were no dif-
ferences in demographic and clinical variables between the
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Table 2. Demographic, clinical, and MRI data
Low grade PVHs High grade Low grade High grade
(without or mild) PVHs (moderate) DWMHs (without DWMHs
(n=280) (n=16) p or mild) (n =80)  (moderate) (n = 16) p

Age (years)' 59.48 (3.48) 61.00 (2.48) .10 59.48 (3.35) 61.00 (3.25) .10
Sex (n (%) female)? 48 (60.0) 9 (56.3) 78 48 (60.0) 9 (56.3) 78
Education (yealrs)3 8 (6-9) 8 (6.25-10) 71 8 (6-10) 8 (6.25-8.75) 98
MMSE? 29 (28-30) 30 (28.25-30) .20 29 (28-30) 30 (28-30) 71
Vocabulary (WAIS-IIT)! 38.91 (8.76) 37.56 (10.56) .59 39.36 (8.85) 37.50 (9.47) .50
GDS-15° 2 (1-3) 1 (0-2) .08 2 (0-3) 1 (1-2.75) .89
Vascular risk factors (n (%))

Hypertension® 38 (47.5) 7 (43.8) 78 34 (42.5) 11 (68.8) .04*

Dyslipidemia® 48 (60.0) 9 (56.3) 78 47 (58.8) 10 (62.5) 78

DM* 15 (18.8) 2 (12.5) 73 15 (18.8) 2 (12.5) 73

Current smoker® 12 (15.0) 3 (18.8) 71 13 (16.3) 2 (12.5) 1.00
MRI measures'

GM (cm?) 590.82 (35.38) 580.80 (45.11) 41 586.12 (36.22) 581.74 (45.14) 72

WM (cm?) 564.90 (60.69) 542.24 (63.28) .19 543.56 (55.53) 546.50 (64.83) .87

BP (cm?) 1155.72 (93.52) 1123.04 (104.70) 25 1129.68 (88.42) 1128.24 (106.39) .96

TBV (cm?) 1450.51 (118.78)  1420.00 (128.76) .38 1424.18 (109.25)  1425.27 (130.96) 98

Ratio BP/TBV (%) 79.71 (2.03) 79.08 (1.44) 25 79.33 (1.80) 79.16 (1.52) .67
LI present (n (%))* 4.1 3 (18.8) .09 6 (7.5) 1(6.3) 1.00

Note. PVHs = periventricular hyperintensities; DWMHs = deep white matter hyperintensities; MMSE = Mini-Mental State Examination; GDS-15 = Geriatric

Depression  Scale,

15-item version; DM = diabetes mellitus; GM = gray matter volume; WM = white matter volume; BP =brain parenchymal

volume = GM+WM; TBV = total brain volume; LI = lacunar infarcts. Values are means (standard deviations) in Student’s #-test or medians (interquartile range)
in Mann-Whitney test for continuous variables. Values are n (%) for categorical variables in chi-square test and Fisher’s exact test. p shows statistical comparison

between participants with high grade and low grade white matter lesions.
'Student’s r-test.

2Chi-square test.

3Memn—Whimey test.

“Fisher’s exact test.

*p <.05.

remaining 96 participants and those recruited from the
PERART Study but excluded from the analyses. Demo-
graphic, clinical, and MRI characteristics of the remaining
96 participants (mean age = 59.7 years; 59% women; median
education = 8 years) are summarized in Table 2. As expec-
ted, their intelligence, general cognitive function, and
depressive symptoms were within the normal range.

Association of Demographic and Clinical Variables
With WMH Burden

Arterial hypertension was the only clinical variable asso-
ciated with WMH burden (Table 2). Arterial hypertension
was more frequent in participants with high grade DWMHs
(68.8%) versus low grade DWMHs (42.5%). There was no
association between arterial hypertension and PVH burden.
There were no associations between demographic variables
and WMH burden, either PVH or DWMH. Age showed only
a statistical trend for high grade PVHs and high grade
DWMHs (p = .1).

Association of Demographic and Clinical Variables
With Cognitive Function

To identify other potential confounders in the association
between WMLs and cognitive function, association of
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demographic and clinical variables with cognitive domains
was tested (Table 3). In summary, age was inversely related
to psychomotor speed. Men had higher scores than women
on attention, verbal fluency, and visual memory. Years of
education was positively related to working memory, atten-
tion, verbal fluency, visual memory, and visuospatial skills.
Participants with arterial hypertension had lower scores for
verbal fluency, and participants with diabetes mellitus and
current smokers had lower scores for psychomotor speed.

Prevalence and Severity of WMLs and Lacunar
Infarcts

PVH ratings revealed 51 participants (53.1%) with no PVHs,
29 participants (30.2%) with mild PVHs (caps and pencil-
thin lining), and 16 participants (16.7%) with moderate PVHs
(smooth halo). DWMH ratings identified 19 participants
(19.8%) without DWMHs, 61 participants (63.5%) with
mild DWMHs (punctuate), and 16 participants (16.7%) with
moderate DWMHs (early confluent). Seven participants
(7.3%) had both moderate PVHs and moderate DWMHs.
None of the participants had severe PVHs (irregular) or
severe DWMHs (confluent). PVH scores were correlated
with DWMH scores (r; = 0.46; p <.001) and total Fazekas
score (rs = 0.88; p <.001). DWMH scores were also correlated
with total Fazekas score (r; = 0.81; p <.001).
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Thirteen lacunar brain infarcts were present across 7 par-
ticipants (7.3%). Four of them had one lacunar infarct, two
had two infarcts, and one person had three infarcts. Eight of
the lacunar infarcts were located in the basal ganglia, and
there was one lacunar infarct each in the pons, intern capsule,
and corona radiata. The presence of lacunar infarcts was not
associated with WMH burden, although the presence of high
grade PVHs showed a statistical trend with the presence of
lacunar infarcts (p = .09).

Cognitive Function Associated With High Grade
PVHs and DWMHs

Table 4 shows Z-score differences in cognitive performance
between participants with high versus low grade WMLs
using linear regression models. Participants with high
grade DWMHs had significantly lower scores in executive
functioning [—0.50 standard deviations (SD)], attention
(—0.43 SD), verbal fluency (—0.71 SD), visual memory
(—=0.51 SD), visuospatial skills (—0.82 SD), and psycho-
motor speed (—0.56 SD). Adjustments for age, sex, years of
education, and cardiovascular risk factors related to cognitive
performance (Model 1) generally reduced these associations,
but they were still significant in each cognitive domain.
These associations were essentially unaltered by additional
adjustment for brain atrophy ratio and lacunar infarcts
(Model 2). High grade PVHs were not related to lower scores
in any cognitive domain.

Table 5 shows odds ratios (OR) and 95% confidence intervals
(CI) for risk of cognitive impairment associated with high
versus low grade WMLs using logistic regression models.
High grade DWMHs were associated with a three- to fourfold
increased risk of cognitive impairment in executive functioning
(OR =4.41; 95% CI: 1.38-14.10), verbal fluency (OR = 4.20;
95% CI: 1.25-14.08), visuospatial skills (OR = 3.65; 95% CI:
1.19-11.15), and psychomotor speed (OR =3.56; 95% CI:
1.13—11.17). The association with impairment in verbal fluency
was not significant after adjusting for age, sex, years of educa-
tion, and diagnosis of arterial hypertension (Model 1). All
associations remained significant when subsequently adjusted
for other brain changes (Model 2). High grade PVHs were not
related to an increased risk of cognitive impairment.

DISCUSSION

This study investigated the independent contributions of PVHs
and DWMHs to cognitive function, as well as the prevalence
and severity of WMLs and lacunar infarcts using a 3T MRI
scanner, in a community-dwelling sample of middle-aged
individuals. The principle finding was that high grade DWMHs
were associated with lower scores in executive functioning,
attention, verbal fluency, visual memory, visuospatial skills, and
psychomotor speed. On the other hand, high grade PVHs were
not associated with lower scores in any cognitive domain.

In an effort to increase the clinical relevance of our study,
we also evaluated the independent association of PVHs and
DWMHs with the risk of cognitive impairment (i.e., <—1.5 SD).
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Table 4. Differences in cognitive performance (Z-scores) between participants with high grade WMLs versus participants with low grade
WDMLs using multivariate linear regression models

Unadjusted model Model 1 Model 2
Z-score (SE) p value Z-score (SE) p value Z-score (SE) p value
High vs. low PVHs
EF 0.20 (0.19) .30 0.17 (0.19) 37 0.17 (0.20) 40
Working memory —0.17 (0.24) 49 —0.12 (0.23) .59 —0.18 (0.24) 47
Attention 0.01 (0.21) 97 0.03 (0.19) .89 —0.05 (0.20) .81
Verbal fluency —0.07 (0.23) 77 —0.11 (0.22) .62 —0.20 (0.23) .39
Verbal memory 0.03 (0.25) 91 0.11 (0.25) .67 0.21 (0.26) 43
Visual memory 0.06 (0.24) .79 0.08 (0.24) 73 0.06 (0.25) .80
A —0.15 (0.21) 46 —0.14 (0.21) .50 —0.14 (0.22) 53
PS —0.16 (0.21) 45 —0.07 (0.20) 72 —0.06 (0.22) .80
High vs. low DWMHs
EF —0.50 (0.25) .03* —0.46 (0.24) .04* —0.45 (0.25) .04*
Working memory —0.24 (0.19) 21 —0.29 (0.20) 15 —0.31 (0.20) 13
Attention —0.43 (0.21) .04* —0.40 (0.19) .04* —0.42 (0.19) .03*
Verbal fluency —0.71 (0.22) .001%* —0.67 (0.21) .002%* —0.68 (0.21) .002%*
Verbal memory —0.20 (0.25) 42 —0.19 (0.25) 47 —0.19 (0.26) 45
Visual memory —0.51 (0.23) .03* —0.52 (0.24) .03* —0.52 (0.24) .03*
VS —0.82 (0.19) <.001%#** —0.80 (0.19) <.0071%#%* —0.79 (0.20) <.001%**
PS —0.56 (0.20) .007%* —0.46 (0.20) .03* —0.46 (0.21) .03*

Note. WMLs = white matter lesions; SE = standard error; PVHs = periventricular hyperintensities; DWMHs = deep white matter hyperintensities;
high grade = moderate lesions; low grade = without or mild lesions; EF = Executive Functioning; VS = Visuospatial Skills; PS = Psychomotor Speed.
Model 1 = adjusted for age, sex, years of education, and treatable cardiovascular risk factors related to cognitive performance (p <.1); Model 2 = Model 1

plus adjustment for brain atrophy ratio (%) and presence of lacunar infarcts.
*p <.05.

*Ep <.01.

##kp <001,

Despite the relatively young age of the sample and the mild
severity of the WMLs observed, high grade DWMHs were
associated with a three- to fourfold increased risk of impaired
performance in executive functioning, verbal fluency,
visuospatial skills, and psychomotor speed. High grade
PVHs were not associated with impaired cognitive perfor-
mance in any cognitive domain either.

Disturbances in executive function and processing speed
were related to WMLs as expected (De Groot et al., 2000;
DeCarli et al., 1995; Pantoni et al., 2007; Schmidt et al.,
2011; Vannorsdall et al., 2009). We also found a dysfunction
in verbal fluency, which is a frontally-mediated function that
can provide information relevant to executive control and
processing speed (Hachinski et al., 2006; Strauss et al.,
2006). In contrast with previous research (Stenset et al., 2008;
Vannorsdall et al., 2009), high grade DWMHs were not
associated with working memory dysfunction. This discrepancy
may be explained by the high rate of missing data (almost 20%)
for part B of the Trail Making Test, given the low educational
level of the sample (median = 8 years). High grade DWMHs
were also related to worse visual memory and visuospatial
skills, which is consistent with previous investigations (Leaper
et al., 2001; Schmidt et al., 2005; Stenset et al., 2008). Most
of the associations between high grade DWMHs and poorer
cognitive function in our sample were clinically relevant. This
remarkable finding was present in the associations with execu-
tive functioning, visuospatial skills, and psychomotor speed.
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Based on etiology and histopathological evidence, Kim,
MacFall, and Payne (2008) have suggested that WMLs
should be divided into ischemic and non-ischemic. The new
classification would include PVHs and DWMHs as well.
Ischemic PVHs would be defined as being from 3 to 13 mm
from the ventricles, affecting long associating tracts. PVHs
within 3mm of the ventricles are non-ischemic and their
functional effect on cognition is unlikely (Pantoni, 2002).
Ischemic DWMHs would be defined as 13 mm or further
from the ventricles (i.e., centrum semiovale), also affecting
long associating tracts. Likewise, DWMHs within 4 mm from
cortical GM would also be considered ischemic, causing
disruption of short cortico-cortical connections consisting
of arcuate U-fibers and affecting the integrity of frontal-
subcortical circuits, probably leading to executive deficits
(Fazekas et al., 1998; Inzitari, 2000).

In our sample, high grade DWMHs consisted of “early
confluent” (moderate) DWMHs, which would be considered
ischemic WMLs, whereas high grade PVHs consisted of
“smooth halos” (moderate), which reflect primarily non-
ischemic changes. We did not find severe PVHs, which are
related to ischemic damage in long associating tracts. This
fact may explain the lack of association between PVHs and
cognition in our study and the incongruent results within the
literature. The moderate correlation between PVH and
DWMH scores described here (r; = 0.46; p <.001) suggests
that each type of WMLs may have dissimilar pathogenic
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Table 5. Odds ratio (OR) and 95% confidence interval (CI) for risk of cognitive impairment in participants with high grade versus participants
with low grade WMLs using logistic regression models

Unadjusted model Model 1 Model 2
OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value
High vs. low PVHs
EF 1.44 (0.41-5.11) 57 1.25 (0.35-4.52) 74 1.21 (0.31-4.73) 79
Working memory 0.72 (0.14-3.61) .69 0.72 (0.13-3.95) 1 0.61 (0.09-3.96) .61
Attention 0.38 (0.05-3.13) 37 0.32 (0.04-2.72) .30 0.27 (0.03-2.69) 27
Verbal fluency 1.19 (0.30-4.77) .81 1.36 (0.30-6.22) .70 1.82 (0.35-9.57) 48
Verbal memory 2.08 (0.49-8.88) 32 1.94 (0.37-10.28) 44 1.36 (0.23-7.97) 74
Visual memory 0.00 (0.00-0.00) 1.00 0.00 (0.00-0.00) 1.00 0.00 (0.00-0.00) 1.00
VS 0.92 (0.27-3.17) .90 0.92 (0.36-3.32) .90 0.87 (0.22-3.37) .84
PS 2.52 (0.79-8.02) 12 2.32 (0.70-7.68) 17 2.70 (0.74-9.84) 13
High vs. low DWMHs
EF 4.41 (1.38-14.10) .01* 4.27 (1.23-14.87) .02% 4.77 (1.33-17.11) .02%
Working memory 0.88 (0.17-4.48) .88 0.86 (0.15-4.82) .86 0.70 (0.12-4.09) .69
Attention 0.90 (0.18-4.49) .89 0.52 (0.09-2.92) 46 0.59 (0.10-3.34) .55
Verbal fluency 4.20 (1.25-14.08) .02% 3.59 (0.88-14.62) .07 4.43 (1.02-19.23) .04*
Verbal memory 1.13 (0.22-5.79) .89 0.87 (0.12-6.27) .89 1.05 (0.14-7.90) .96
Visual memory 1.89 (0.52-6.84) 33 1.58 (0.41-6.07) 51 1.44 (0.36-5.70) .60
VS 3.65 (1.19-11.15) .02% 3.61 (1.10-11.90) .04* 3.46 (1.04-11.50) .04*
PS 3.56 (1.13-11.17) .03* 3.52 (1.04-11.85) .04* 3.59 (1.04-12.33) .04*

Note. WMLs = white matter lesions; PVHs = periventricular hyperintensities; DWMHs = deep white matter hyperintensities; high grade = moderate
lesions; low grade = without or mild lesions; EF = Executive Functioning; VS = Visuospatial Skills; PS = Psychomotor Speed. Model 1 = adjusted for age,
sex, years of education and treatable cardiovascular risk factors related to cognitive performance (p <.1); Model 2 = Model 1 plus adjustment for brain

atrophy ratio (%) and presence of lacunar infarcts.
*p <.05.

mechanisms in our sample. In contrast to the observed PVHs
(caps, thin lining, bands, or halos), which appear to be more
strongly related to age (Fernando et al., 2004), the observed
DWMHs suggest an underlying vascular risk (Fazekas et al.,
1998; Fernando et al., 2006). Specifically, arterial hyperten-
sion was related to DWMH burden in our sample. On the
other hand, age and the presence of lacunar infarcts only
showed statistical trends with PVH and DWMH burden. The
narrow and young age range and the mild severity of WMLs
(especially PVHs) in our sample may account for this finding.

In this study, brain MRI was performed with a 3T scanner
instead of 1.5T scanners used so far. Since higher magnetic
fields can provide improved sensitivity and diagnostic capa-
city (Kim et al., 2008; Scarabino et al., 2003), SVD-related
pathology should be more easily detected. Nevertheless, the
prevalence of participants with WMLs in our sample was
lower than compared with other studies with participants of
similar age (Wen & Sachdev, 2004). The prevalence of
moderate lesions was similar to previous reports (Mosley
et al., 2005; Schmidt et al., 1997) but none of our participants
showed severe lesions. The prevalence of lacunar infarcts in
our sample was slightly lower than seen elsewhere (Chen,
Wen, Anstey, & Sachdev, 2009). Overall, these figures may
be suggestive of a minor prevalence of SVD-related pathol-
ogy in our sample. Lifestyle (i.e., dietary patterns) or genetic
factors may be the basis of this lower prevalence (Alzamora
et al., 2008; Tunstall-Pedoe et al., 1999).

One potential weakness of the present study is the use of a
visual rating scale (Fazekas et al., 1987) to assess prevalence
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and severity of WMLs. Visual rating scales have some lim-
itations, such as non-linearity of data, lack of sensitivity to
small changes, and susceptibility to ceiling effects (Kim
et al., 2008). Quantitative methods (i.e., volumetric analyses)
have been regarded as more reliable and robust (Mosley et al.,
2005). However, there is conflicting evidence regarding the
idea that volumetric approaches for assessing WMLs may be
more sensitive to clinical features than visual scores (Gouw
et al., 2006). In most community-dwelling studies, WMLs
are measured using visual rating scales, which are widely
used in clinical practice (De Groot et al., 2000; Longstreth
et al., 1996; Pantoni et al., 2005). Visual scales usually offer
separate assessment of PVHs and DWMHs, which semi- and
fully-automated quantitative methods often overlook.

Other possible limitations need to be considered. Cross-
sectional studies with small size samples may report conflicting
results regarding the association of WMLs with cognition,
which is probably attributable to the low statistical power of
samples (Desmond, 2002). Our sample size does not allow us to
study the association of cognitive function with lobar locations
of PVHs and DWMHs (frontal, parietal, temporal, or occipital),
which may have some importance (Debette et al., 2007). The
cross-sectional design also precludes us from making causal
inferences regarding these associations.

Overall, our results corroborate the hypothesis that PVHs
and DWMHs differentially impact cognitive function in
middle-aged individuals and support the ongoing distinction
between both types of WMLs. High grade (moderate)
DWMHs were related to extensive cognitive dysfunction in
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several domains whereas high grade (moderate) PVHs were
not. Remarkably, most of these disturbances were clinically
relevant in that they conferred a substantial increase in risk
of cognitive impairment, making individuals with high
grade DWMHs three to four times as likely to present with
neuropsychological impairments. These results suggest that
neuroradiologists should characterize separately PVHs and
DWMHs in their reports, which should be available for
neuropsychologists. The predominant role of DWMHs may
be attributed to underlying ischemic processes, since only
ischemic WMLs seem to exert histopathological changes that
are located in white matter areas with potential functional
relevance. This highlights the importance of primary prevention
and treatment of modifiable risk factors, especially arterial
hypertension, in middle-aged individuals. Further research is
needed to more clearly elucidate whether WMLs types
arise from dissociable forms of pathogenesis in middle-aged
individuals.
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