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Abstract: Cerebral white matter damage is not only a commonly reported consequence of healthy
aging, but is also associated with cognitive decline and dementia. The aetiology of this damage is
unclear; however, individuals with hypertension have a greater burden of white matter signal abnor-
malities (WMSA) on MR imaging than those without hypertension. It is therefore possible that
elevated blood pressure (BP) impacts white matter tissue structure which in turn has a negative impact
on cognition. However, little information exists about whether vascular health indexed by BP mediates
the relationship between cognition and white matter tissue structure. We used diffusion tensor imag-
ing to examine the impact of vascular health on regional associations between white matter integrity
and cognition in healthy older adults spanning the normotensive to moderate–severe hypertensive BP
range (43–87 years; N ¼ 128). We examined how white matter structure was associated with perform-
ance on tests of two cognitive domains, executive functioning (EF) and processing speed (PS), and
how patterns of regional associations were modified by BP and WMSA. Multiple linear regression and
structural equation models demonstrated associations between tissue structure, EF and PS in frontal,
temporal, parietal, and occipital white matter regions. Radial diffusivity was more prominently associ-
ated with performance than axial diffusivity. BP only minimally influenced the relationship between
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white matter integrity, EF and PS. However, WMSA volume had a major impact on neurocognitive
associations. This suggests that, although BP and WMSA are causally related, these differential metrics
of vascular health may act via independent pathways to influence brain structure, EF and PS. Hum
Brain Mapp 34:77–95, 2013. VC 2011 Wiley Periodicals, Inc.

Keywords: blood pressure; hypertension; white matter signal abnormalities; diffusion tensor imaging;
aging; executive function
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INTRODUCTION

Hypertension is considered a risk factor for cognitive
decline and dementia [Kilander et al., 1998; Qiu et al., 2005;
Raz et al., 2007; Sepe-Monti et al., 2007]. The neural mecha-
nisms by which blood pressure may mediate cognitive
decline are believed to be related to vascular changes affect-
ing cerebral blood flow velocitiy, cerebrovascular reactivity
and metabolic changes [Fujishima et al., 1995; Settakis et al.,
2003; Sugimori et al., 1995]. These vascular changes may
have an impact on brain tissue, as hypertension is associ-
ated with white matter signal abnormalities (WMSA) on
magnetic resonance imaging [Artero et al., 2004; Firbank
et al., 2007; Raz et al., 2007; Yoshita et al., 2005] which
appear as hyperintense regions on T2-weighted images or
as hypointense regions on T1-weighted images in the
periventricular and deep white matter. Increased WMSA
volume is associated with reduced cognitive performance
and is apparent in cognitive disorders including Alzhei-
mer’s disease [Bombois et al., 2007; de Groot et al., 2000;
DeCarli et al., 2001; Gunning-Dixon and Raz 2000; Raz
et al., 2007; Salat et al., 2010; van der Flier et al., 2005].

Previous work has demonstrated a likely link between
hypertension and cognition, but the published findings are
less than straightforward. Prior studies reported linear and
nonlinear, as well as negative, positive or no relationships
(for recent reviews see [Anson and Paran, 2005; Duron
and Hanon, 2008]. Psychomotor speed, attention, executive
functions, and working memory tend to be reported as the
cognitive domains most affected by hypertension [Bucur
and Madden, 2010; Kuo et al., 2004; Verdelho et al., 2007;
Waldstein et al., 2005]. The same cognitive domains are
negatively related to WMSA load [DeCarli et al., 2008;
Esiri et al., 1999; Gunning-Dixon et al., 2009; Gunning-
Dixon and Raz, 2000; Gunning-Dixon and Raz, 2003; Prins
et al., 2005; Raz and Rodrigue, 2006; Vernooij et al., 2009],
confirming a potential influence of blood pressure on cog-
nition through the promotion of WMSA. Recent reviews,
as well as experimental studies, have shown consistently
that executive functions and processing speed are the two
domains most commonly affected by increased blood pres-
sure and WMSA [Bucur and Madden 2010; Gunning-
Dixon and Raz, 2000; Gunning-Dixon and Raz, 2003; Kuo
et al., 2004; Prins et al., 2005; Raz and Rodrigue, 2006;
Verdelho et al., 2007; Vernooij et al., 2009].

Diffusion tensor imaging (DTI) has seen a rapid
expansion in use as an imaging method providing unique

sensitivity to measure the microstructural properties of
brain tissue, and this procedure could be useful in elucidat-
ing the potential impact of blood pressure on white matter
integrity and cognition. Negative relationships between
cognition and white matter integrity have been reported
[Bucur et al., 2008; Charlton et al., 2006; Charlton et al., 2008;
Duan et al., 2006; Hannesdottir et al., 2009; Head et al., 2004;
Huang and Auchus, 2007; Kennedy and Raz, 2009a; Mad-
den et al., 2009b; Medina et al., 2006; Rose et al., 2006; Schia-
vone et al., 2009; Sullivan and Pfefferbaum, 2006; Vernooij
et al., 2009]. Prior work suggests that DTI may provide in-
formation about different pathophysiological processes and
may be among the most sensitive neuroimaging indicators
of vascular damage [Bucur et al., 2008; Burgmans et al.,
2009; Leritz et al., 2010; Madden et al., 2009b; O’Sullivan
et al., 2004; Raz and Rodrigue, 2006; Vernooij et al., 2009].
The microstructural diffusion metrics provide a more sensi-
tive measure of degenerative changes compared with the
macrostructural measures of volume loss and may be able
to detect alterations before overt volume loss or a lesion is
present, or may even provide additional information on
white matter alterations not necessarily related to vascular
pathology [Hugenschmidt et al., 2008; Salat et al., 2005].
Such comparisons however, must be performed with cau-
tion given that the sensitivity of any technique will depend
on the specific manner in which it is implemented (e.g.
regional versus global measurements).

Recent work has emphasized the potential for white
matter damage to be a fundamental aspect of normal age-
associated cognitive decline as well as dementia [Bartzokis
2004; Bartzokis et al., 2004]. It is therefore striking that to
date only few studies have examined the interactions
among white matter integrity, cognition and blood pres-
sure in older adults. The majority of prior studies focussed
on extreme cases of cerebrovascular disease (CVD) or have
classified individuals into hypertensive versus normoten-
sive groups which may obscure the more quantitative,
subtle effects that vascular physiology may have on neural
health and cognition. There is accumulating evidence that
even mildly elevated blood pressure levels within the nor-
motensive range may affect cognitive functioning [Whit-
worth, 2003, 2005].

We [Leritz et al., 2010] and others [Kennedy and Raz,
2009b] have recently demonstrated negative associations
between blood pressure and diffusion measures of white
matter integrity. Importantly, these associations were
observed across the range of blood pressure values
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sampled, including individuals in the normotensive range
[Kennedy and Raz, 2009b; Leritz et al., 2010]. Another
study among geriatric depressed patients [Hoptman et al.,
2009] not only showed that blood pressure and diffusivity
are negatively related, but also that white matter hyperin-
tensities occur in areas with decreasing diffusivity.
These data suggest that white matter may be influenced
by subtle interindividual variation in vascular health
which eventually results in a more overt lesion of the tis-
sue, and that these associations extend to the preclinical
population.

The aim of this study was to investigate the impact of
vascular health indexed by blood pressure and WMSA
burden on the association between executive functioning
or processing speed and white matter integrity in individ-
uals spanning the normotensive to moderate–severe hy-
pertensive range [Levy et al., 1996]. This approach has to
our knowledge not yet been taken. In contrast to the great
majority of prior studies, we investigated blood pressure
as a continuous metric from the normal to moderately hy-
pertensive range. We hypothesized that there would be a
negative relationship between white matter integrity and
executive functioning that would be substantially medi-
ated by blood pressure and/or by WMSA burden [de
Groot et al., 2000]. Because white matter integrity meas-
ures tissue changes on a microstructural level, we
expected partial mediation, indicating that WMSA and
blood pressure do not fully capture the changes in white
matter integrity associated with cognitive performance.
Specifically, we used structural equation modelling [Ben-
tler, 1998] to test whether elevations in mean arterial blood
pressure contributed to increased WMSA volume and
reduced regional DTI-based white matter microstructural
integrity with a corresponding decrease in performance on
tests measuring executive functions and processing speed.
Structural equation modeling (SEM) allows us to test mul-
tivariate associations, providing a statistical and theoretic
conceptual advantage [Penke and Deary 2010]. This tech-
nique has been used in prior aging studies [Penke and
Deary, 2010; Salthouse et al., 2003].

MATERIALS AND METHODS

Participants

The study sample consisted of 128 participants (50
men/78 women) recruited through two coinciding studies
investigating the impact of cerebrovascular risk factors on
brain structure and cognition. Forty-one participants were
recruited through the Harvard Cooperative Program on
Aging Claude Pepper Older American Independence Cen-
ter. The remaining 87 individuals were recruited through
the Boston University Alzheimer’s Disease Center as part
of the Understanding Cerebrovascular and Alzheimer’s
Risk in the Elderly study. This aim of this project is to
determine the impact of vascular risk on brain structure,
cognition, and the development of dementia. Inclusion

was based on the initial criteria of being neurologically
healthy and having at least one first-degree familial rela-
tive with a diagnosis of dementia. Both protocols were
approved by the local Ethical Committees and a consent
form for each participant was obtained according to the
Declaration of Helsinki [Nylenna and Riis, 1991].

Participants ranged in age from 43 to 87 years. Individu-
als were excluded for a history of head trauma of ‘‘mild’’
severity or greater according to the criteria of Fortuny
et al., [1980; loss of consciousness for greater than 10 min),
diagnosis of any form of neurodegenerative disease
(i.e., Parkinson’s disease, Alzheimer’s disease, vascular
dementia), any severe psychiatric illness (including psy-
chosis, delusions, and hallucinations), any hospitalization
for psychiatric reasons or any history of brain surgery.
Past history or current presence of neurodegenerative
(including dementia) and psychiatric illness was assessed
by the staff physician and a clinical neuropsychologist. All
participants were literate with at least a 6th grade educa-
tion. One hundred-four participants claimed dominant
right-handedness. Mini-Mental Status (MMSE) [Folstein
1975] scores ranged from 23 to 30. These scores are in a
range outside of a dementia diagnosis, according to
normative data based on the racial distribution of our
sample [Bohnstedt et al., 1984]. A small percentage of par-
ticipants had MMSE scores below 24 (2.5%) and were
determined not to substantially influence the overall
results. Earlier studies, excluding dementia, have used a
comparable MMSE cut-off [Euser et al., 2009; Firbank
et al., 2007; Taylor et al., 2001].

MRI Acquisition

Imaging was performed on a 1.5T Siemens Avanto scan-
ner. For structural imaging, two whole-brain high-resolu-
tion T1-weighted MPRAGE scans were collected and
averaged for each participant (TR ¼ 2.73, TE ¼ 3.39, flip
angle ¼ 7, slice thickness ¼ 1.33 mm, 128 slices, FOV ¼
256 � 256 mm2) to create a single volume with a high con-
trast-to-noise ratio. DTI acquisition employed single shot
echo planar imaging with a twice-refocused spin echo
pulse sequence, optimized to minimize eddy current-
induced image distortions [Reese et al., 2003] (TR/TE ¼
7,200/77 ms, b ¼ 700 s/mm2, acquisition matrix ¼ 128 �
128 mm2, 256 � 256 mm2 FOV, 2 mm slice thickness with
0-mm gap for 2 mm3, isotropic voxels, 60 slices, 10 T2 þ
60 DWI). The 60 diffusion weighted directions were
obtained using the electrostatic shell method [Jones et al.,
1999], providing a high signal-to-noise diffusion volume.
The diffusion tensor was calculated on a voxel-by-voxel
basis with conventional reconstruction methods [Basser
et al., 1994]. Global and regional WM integrity was
assessed using DTI measures of Fractional Anisotropy and
diffusivity (comprised of axial and radial components
[Budde et al., 2007; Song et al., 2003; Song et al., 2002], as
well as through intervoxel coherence.
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MRI Analyses

For data processing, we used diffusion tools developed
at the Martinos Center as well as tools available as part of
the Freesurfer (http://surfer.nmr.mgh.harvard.edu) and
FSL (http://www.fmrib.ox.ac.uk.ezp-prod1.hul.harvar-
d.edu/fsl) processing streams. Diffusion volumes were
eddy current and motion corrected using FSL’s Eddy Cor-
rect tool. The diffusion tensor was calculated for each
voxel using a least-squares fit to the diffusion signal. The
T2 weighted lowb volume was then skull stripped using
FSL’s Brain Extraction Tool (BET) [Smith, 2002], which
served as a brain-mask for all other diffusion maps. Micro-
structural maps of fractional anisotropy (FA) and axial
(DA) and radial (RD) diffusivity were entered into group
voxel based general linear models using Tract Based Spa-
tial Statistics (TBSS) as the basis of interparticipant spatial
normalization.

Nonlinear Registration and TBSS

Voxelwise processing of the DTI data was carried out
using TBSS [Smith et al., 2006], which is part of the FSL
data processing suite [Smith et al., 2004]. All participants’
diffusion data were initially aligned into a common space
using the nonlinear registration tool FNIRT, which uses a
b-spline representation of the registration warp field [Klein
et al., 2009; Rueckert et al., 1999], resulting in all images
transformed into 1 mm isotropic, MNI152 standard space.
Next, the mean FA image was created by averaging all
participants aligned FA volumes, and a mean FA skeleton
was created from all voxels with a group mean FA of
greater than 0.2 to reduce inclusion of voxels that are
likely composed of multiple tissue types or fiber orienta-
tions. Each participants’s aligned, common space FA data
was then projected onto this skeleton to create a 4D ske-
letonized volume (3D skeletal volume � number of sub-
jects), which was then fed into voxelwise group statistics.
Data along the skeleton were smoothed using an anatomi-
cal constraint to limit the smoothing to neighboring data
within adjacent voxels along the skeleton. The exact trans-
formations derived for the FA maps were applied to the
other diffusivity volumes for matched processing of image
volumes per subject. Statistical maps were dilated from
the TBSS skeleton for visualization purposes.

ROI Analysis

ROIs were created based on the results of the whole
brain voxel based statistical GLMs analyses. Significant
voxels that reached a minimum threshold of P < 0.05 from
the GLMs examining the association between FA and the
cognitive tasks, were binarized using minimum cluster
sizes for contiguous significant voxels along the skeleton
(>320 mm3 for Trail Making A and B and >680 mm3 for
the Stroop Color Word Task). Regions of interest (ROIs)
were labeled using the binarized, mean FA skeleton vol-

ume as a mask to assign each voxel along the skeleton a
segmentation value based on structural white matter par-
cellations created via FreeSurfer [Salat et al., 2009] com-
bined with predefined JHU White Matter Labels available
through FSL.

White Matter Signal Abnormalities

T1 weighted MRI data were processed using the Free-
Surfer version 4.1.0 (http://surfer.nmr.harvard.edu) mor-
phometric analysis tools. Cortical surfaces were
reconstructed using a semiautomated procedure that has
been described and validated in previous work in detail
[Dale et al., 1999; Fischl et al., 2001; Fischl et al., 1999].
Briefly, processing involves intensity normalization, skull
stripping, segmentation of white matter, tessellation of the
gray/white matter boundary, smoothing of the tessellated
surface, and automatic topology correction. WMSA (i.e.,
T1 hypointensities within the WM) were labeled utilizing
a probabilistic procedure [Fischl et al., 2002] subsequently
extended to label white matter hypointensities. Total
WMSA volume was calculated to examine the impact on
the DTI metrics. This procedure has been shown to be sen-
sitive to measure white matter damage in individuals with
AD [Salat et al., 2010]. WMSA calculated on T1 images
have been shown to be highly correlated with manual and
semimanual measurements from T2/FLAIR (r > 0.93
when including extreme values; >0.72 when excluding
extreme values), and WMSA from T1 images and similar
procedures have been utilized in prior work [Bagnato
et al., 2003; Burns et al., 2005; Camp et al., 2005; Salat
et al., 2010].

Neuropsychological Tests

Executive functioning and processing speed were
assessed using the Trail Making Test (TMT) and the
Stroop Color Word Task (SCWT). These neuropsychologi-
cal tests are commonly used to assess executive function-
ing [Lezak, 1995]. The TMT measures cognitive flexibility,
selective attention, visual scanning, and visuo-motor scan-
ning [Chen et al., 2000; Giovagnoli et al., 1996; Greenlief
et al., 1985; Zakzanis et al., 2005] and has demonstrated
sensitivity in measuring decline in set-shifting in older
adults [Greenlief et al., 1985; Perry et al., 2009; Salthouse
et al., 2000]. The TMT consists of two parts: (1) part A
involves number sequencing and is thought to rely pri-
marily on psychomotor speed and attention, (2) part B
involves shifting between letter and number sequences,
and results in slower performance times [Arbuthnott and
Frank, 2000; Olivera-Souza et al., 2000]. Previous studies
have shown by using factor analytic procedures that the
SCWT and the TMT-B are related to executive functiong
and the TMT-A is related to information processing speed
[Salthouse et al., 2003; Van der Elst et al., 2008]. The TMT
is assumed to rely heavily on frontal lobe structures, as
can be seen in lesion studies [Stuss and Levine, 2002].
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However, functional MRI and DTI studies have shown
that parietal and temporal areas might be involved in per-
formance on the TMT, suggesting an underlying network
[Moll et al., 2002; O’Sullivan et al., 2001; Olivera-Souza
et al., 2000; Perry et al., 2009; Zakzanis et al., 2005]. In this
study, time to perform either TMT A or B in seconds was
the dependent variable. The SCWT is considered as a gen-
eral measure of cognitive flexibility and control [Uttl and
Graf, 1997] or executive functioning [Moering et al., 2003].
The basic paradigm behind the SCWT involves the sup-
pression of a habitual response in support of an unusual
one (i.e., naming the ink color which is not congruent with
the printed color words). These abilities decline with age
[Ivnik et al., 1996] and in dementia [Houx et al., 1993]. Per-
formance of the SCWT is also supported by frontal lobe
function [Demakis, 2004; Stuss and Levine, 2002]. In this
study the dependent measure was the number of incon-
gruent color words correctly read within 2 min.

Blood Pressure

Systolic and diastolic blood pressure were measured in
a seated and upright position after five minutes of rest,
with the arm at rest at the level of the heart using a sphyg-
momanometer and a stethoscope. A second measurement
was obtained 5 min later in the same position and at the
same arm (thus in total four measurements were done),
and the average of 2 values were calculated for both sys-
tolic and diastolic. Blood pressure was always measured
by the same study physician. Blood pressure status was
evaluated by a combination of antihypertensive medica-
tion use and current conventions considering a systolic BP
of 120-139 mm Hg as indicative of ‘‘mild’’ or ‘‘pre’’ hyper-
tension, a systolic BP of 140–159 mm Hg to be ‘‘Stage 1’’
hypertension, and a systolic BP of 160 mm Hg or greater
to be indicative of ‘‘Stage 2’’ (severe) hypertension [Ameri-
can Heart Association, 2009]. In our sample, 46 (40%) indi-
viduals would be classified as having ‘‘pre-hypertension’’
under these guidelines. Thirty-two (28%) would be classi-
fied as ‘‘Stage 1,’’ and nine (8%) would be classified as
‘‘Stage 2.’’ Thus, 28 (24%) would be considered to have
normal-mild BP readings. However, we did not classify
participants in groups based on their blood pressure
status, but used blood pressure as a continuous variable
by considering systolic and diastolic blood pressure to-
gether and creating a mean arterial blood pressure
(MABP) measure using the following formula: MABP: 1/3
(systolic � diastolic) þ diastolic.

MABP is a metric commonly used in clinical settings to
obtain an accurate metric of overall average BP, due to the
fact that it contains both systolic and diastolic measure-
ments in its formula. MABP is believed to indicate perfu-
sion pressure, particularly in body organs. Thus, it is an
appropriate metric to use when examining associations
between blood pressure and brain structure, or blood pres-
sure and function. Prior studies have utilized MABP, par-
ticularly when examining blood pressure in the context of

cognition or brain structure in older adults [Brown et al.,
2010; Guo et al., 2009; Leritz et al., 2010].

Another potential vascular risk factor, diabetes, was
assessed according to current accepted criteria [American
Diabetes Association, 2009] based on glucose levels and a
measure of glycosylated haemoglobin HA1C. The majority
of our sample had appropriately regulated glucose at the
time of the assessment, suggesting that this did not likely
have an effect on our data (data not presented, see [Leritz
et al., 2011].

Statistical Analyses

For the behavioral data, we investigated the association
between demographic characteristics, cognition, and MABP
by means of zero-order Pearson correlations. All analyses
were performed with the Statistical Package for the Social
Sciences (SPSS Inc., Chicago), version 15.0 for Windows.

For the DTI data, voxelwise statistics were performed for
each diffusion measure (FA, ADC, DA, and RD) to test for
significant correlations with performance on the trail mak-
ing test, using FreeSurfer’s general linear model tool. Before
the analyses, all variables were checked for normality, line-
arity and influential outliers. TMT and SCWT performance
and WMSA volume were all determined to not be normally
distributed. TMT scores (in seconds) were converted using
the inverse of the log transformation and SCWT was con-
verted with a log transformation. The distribution of WMSA
was highly skewed and could not be improved by log-trans-
formation. We therefore applied a cut-off at 5000 mm3,
dividing low versus high WMSA load. Age, education, eth-
nicity (Caucasian or African-Americans, coded as 0 and 1,
respectively) and use of blood pressure medication were
used as covariates. To examine the mediating effect of either
MABP or WMSA, these variables were added separately as
a covariate to the model.

SEM analyses were performed to test hypothesized
models and to determine how MABP and WMSA contrib-
uted to the association between white matter integrity and
executive functioning, as qualified by the log(SCWT) mea-
sure. The SCWT was chosen because the regression analy-
ses showed robust and consistent findings compared with
the TMT (see results). A latent variable was specified for
each diffusivity metric (FA, ADC, DA, and RD). This
latent variable consisted of areas significant in the regres-
sion analyses, which are thought to be associated with per-
formance on the SCWT. The advantage of a latent variable
over the use of averages is that the latent variable only
contains the variance shared by the various measured vari-
ables. This removes unsystematic measurement errors or
other sources of variance and increased the reliability
[Penke and Deary, 2010]. Structural equation models were
implemented in AMOS (Analysis of Moment Structures)
(SPSS Inc., Chicago). All structural models were evaluated
via maximum likelihood estimation with several indices of
model fit. Models were considered an acceptable fit with
v2/df of less than 2, a comparative fit index of more than
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0.90 (CFI; [Bentler 1990]), and a root-mean-square error of
approximation (RMSEA) of less than 0.08 provided that it
included 0.05 within its 90% confidence interval [Browne
and Cudeck, 1993]. The fit of nested models was compared
by means of v2 difference tests. In this procedure, the dif-
ference between the v2 values of two models is calculated.
This difference value is itself approximately v2 distributed,
with a number of the degrees of freedom that equals the
difference in degrees of freedom between the two nested
models [Reis and Judd, 2000]. The threshold for statistical
significance was set at P < 0.05.

RESULTS

Basic Demographic Characteristics

Demographic characteristics of the complete study
group are described in Table I. The sample had a mean

age of 67.9 years (SD ¼ 9.4; range, 43–87 years), mean edu-
cation of 14.8 years (SD ¼ 2.6) and 47.7% of the sample
was on medication for hypertension.

Associations between neuropsychological performance
and demographic variables are presented in Table II.
Performance on TMT A was significantly associated with
age and ethnicity, while performance on TMT B was only
associated with age. The SCWT was significantly associ-
ated with age, education, ethnicity, use of antihypertensive
medication and WMH. MABP was significantly associated
with ethnicity, WMH, TMT A, and SCWT. Because age,
education, ethnicity, and use of blood pressure medication
were each individually related to one or more of the cog-
nitive variables, these demographic factors were utilized
as covariates in statistical models.

Associations Between Cognitive Performance

and DTI-Based White Matter Integrity

Figure 1 demonstrates the whole brain associations
between FA (left column) and RD (right column) and cog-
nitive performance on all three neuropsychological meas-
ures (TMT A, TMT B, and SCWT), while taking the
demographic covariates into account. Effects of ADC and
DA were minimal and therefore not shown in this figure.

Regional clusters showing a significant association
between cognitive performance and FA are summarized in
Table III. The major effects from these analyses are sum-
marized below along with the assessment of the impact of
blood pressure medication on these associations.

Associations Between the DTI Metrics and

the TMTA

FA was significantly bilaterally associated with per-
formance on TMT in the superior parietal, precentral,
pars opercularis, superior temporal, and inferior temporal

TABLE II. Correlations between demographic characteristics, cognition, and MABP

1. 2. 3. 4. 5. 6. 7. 8. 9.

1. Age
2. Education 0.038
3. Gender 0.020 0.094
4. Ethnicity 0.311** 0.343** 0.088
5. Medication use 0.230** �0.108 �0.209* �0.016
6. WMSA 0.387** 0.243** �0.115 0.109 0.243**
7. TMT A �0.203* �0.139 0.052 0.325** �0.139 �0.032
8. TMT B �0.106 �0.112 0.139 0.421** �0.112 �0.094 0,437**
9. SCWT �0.379* �0.199* 0.145 0.185** �0.199* �0.396** 0,382** 0.573**
10. MABP 0.145 0.163 �0.100 �0.206* 0.163 0.278** �0.189* �0.094 �0.189*

*P < 0.05, **P < 0.0.
Dark gray, correlations with MABP; light gray, correlations with the three cognitive measures. WMSA, White Matter Signal Abnormal-
ities; TMT A, Trail Making Test part A; TMT B, Trail Making Test part B; SCWT, Stroop Color Word Task; MABP, Mean Arterial Blood
Pressure.

TABLE I. Characteristics of the study population

(N 5 128)

Baseline Mean (SD)

Age (years) 67.9 (9.4)
Education (years) 14.8 (2.6)
Female (n (%)) 78 (60.9%)
MMSE score 27.8 (1.8)
TMT A score (seconds) 38.8 (13.4)
TMT B score (seconds) 93.7 (43.6)
SCWT score (number of words) 90.3 (25.2)
Mean Arterial Blood Pressure 95.2 (10.7)
Baseline n (%)

Ethnicity [Caucasian : African-American)
(n (%)]

52 : 76 (40.6 : 59.4%)

Hypertension medication [n (%)] 61 (47.7%)

Note: Continuous variables are represented as mean (SD) and cat-
egorical variables as number (%). MMSE, Mini-Mental State Ex-
amination; TMT A, Trail Making Test part A; TMT B, Trail
Making Test part B; SCWT, Stroop Color Word Task.
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WM. ADC was not associated with performance on
TMT A and ADC, and DA was only associated with
performance in the left lateral orbitofrontal white matter
(t ¼ 2.823, P ¼ 0.006). RD showed robust bilateral associ-
ations with TMT A performance in inferior temporal
white matter (t ¼ �2.614, P ¼ 0.010, and t ¼ �2.096,
P ¼ 0.038, respectively), in left precentral white matter
(t ¼ �2.107, P ¼ 0.037), left superior parietal white
matter (t ¼ �2.328, P ¼ 0.022), genu of the corpus
callosum (�2.129, P ¼ 0.035) and left superior frontal
white matter (t ¼ �2.052, P ¼ 0.042). No region showed
a significant interaction between FA and antihypertensive
medication use.

Associations Between the DTI Metrics and

the TMT B

Significant bilateral clusters were found for the associa-
tion between performance on TMT B and FA in the ante-
rior limb of the internal capsule. Performance on TMT B
was associated with ADC values in the right fornix stria
terminalis (t ¼ �3.242, P ¼ 0.002), the left anterior limb of
the internal capsule (t ¼ �2.267, P ¼ 0.025) and the right
postcentral white matter (t ¼ �2.084, P ¼ 0.039). DA was
associated with TMT B performance in the right fornix
stria terminalis (t ¼ �2.980, P ¼ 0.003), left superior longi-
tudinal fasciculus (t ¼ 2.284, P ¼ 0.024) and right superior
parietal white matter (t ¼ 3.400, P ¼ 0.001). Similar to
associations with TMT A, RD showed greater regional
associations than DA with TMT B performance, with
effects in the right fornix stria terminalis (t ¼ �3.316, P ¼
0.001), bilateral anterior limb of the internal capsule (t ¼
�2.244, P ¼ 0.027, and t ¼ �2.419, P ¼ 0.017, respectively),
right inferior parietal white matter (t ¼ �2.703, P ¼ 0.008),
right rostral middle frontal white matter (t ¼ �1.986, P ¼
0.049), right postcentral white matter (t ¼ �2.761, P ¼
0.007) and left superior frontal white matter (t ¼ �2.155, P
¼ 0.033). There were no regional interactions between
those on and off medication on the associations between
FA and cognitive performance.

Associations Between the DTI Metrics and

the SCWT

Of all three neuropsychological tests, performance on
the SCWT showed the most widespread associations with
white matter microstructure. Bilateral clusters were found
in the superior corona radiata, superior longitudinal fasci-
culus, and in the superior frontal, superior parietal, pre-
central, and middle temporal WM. ADC and RD were
significantly associated with performance in almost all
regions where FA was significant. However, for DA, only
a few areas showed a strong relationship to the SCWT
performance: the right superior corona radiata (t ¼ �2.246,
P ¼ 0.027), the right fornix stria terminalis (t ¼ �4.316,
P < 0.001), the left tapetum (t ¼ �3.081, P ¼ 0.003) and
the left postcentral white matter (t ¼ �2.355, P ¼ 0.020).
The interaction between FA and blood pressure medica-
tion use was significant in only in the right superior longi-
tudinal fasciculus (t ¼ 2,162, P ¼ 0.033).

Contribution of MABP and WMSA to

the Association Between Cognition and DTI

We next examined the influence of vascular health,
indexed by MABP and WMSA, on the associations
between cognitive performances and white matter micro-
structure. To do so, associations between cognitive per-
formance and white matter integrity were examined by
voxel-based general linear model while controlling for the

Figure 1.

Association Between Cognition and DTI Measures. Associations

between performance on the three different tasks, TMT A, TMT

B, and SCWT and fractional anisotropy (FA) (left) and the same

associations for radial diffusivity (right). Blue indicates a negative

association, red indicates a positive association as indicated on

the colorbar. TMT A, Trail Making Test part A; TMT B, Trail

Making Test part B; SCWT, Stroop Color Word Task; FA, Frac-

tional Anisotropy, P < 0.05. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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TABLE III. Regional clusters showing a significant association between cognitive performance and FA

Hemisphere Cluster size (mm3) Minimum P-value (10�x) Weight

TMT A
Frontal

Precentral LH 840 4.76 3998.40
Lateral orbitofrontal LH 1080 3.18 3434.40
Pars triangularis RH 584 3.09 1804.56
Superior frontal LH 572 3.14 1796.08
Rostral middle frontal RH 476 2.54 1209.04
Precentral RH 360 2.66 957.60
Pars opercularis RH 344 2.30 791.20
Pars opercularis LH 376 2.00 752.00

Parietal
Superior parietal LH 944 3.40 3209.60
Superior parietal RH 896 3.26 2920.96
Postcentral RH 360 2.58 928.80

Temporal
Superior temporal LH 698 3.52 2456.96
Inferior temporal RH 336 3.98 1337.28
Superior temporal RH 336 2.53 850.08
Inferior temporal LH 360 2.15 774.00

Occipital
— — — — —

Other
Anterior corona radiata LH 2192 3.65 8000.80
Genu corpus callosum — 628 2.71 1701.88
Superior corona radiata RH 352 3.01 1059.52
Body corpus callosum — 328 2.43 797.04

TMT B
Frontal

Rostral middle frontal RH 400 4.81 1924.00
Lateral orbitofrontal RH 520 2.93 1523.60
Precentral LH 424 3.36 1424.64
Superior frontal LH 364 2.84 1033.76

Parietal
Postcentral RH 1020 4.60 4692.00
Precuneus RH 848 3.87 3281.76
Inferior parietal RH 592 3.22 1906.24
Superior parietal RH 508 3.05 1549.40

Temporal
Superior temporal RH 516 3.13 1615.08

Occipital
— — — — —

Other
Fornix stria terminalis RH 1000 3.38 3380.00
Anterior limb of the internal capsule RH 784 2.47 1936.48
Anterior limb of the internal capsule LH 424 2.58 1093.92
Superior longitudinal fasciculus LH 408 2.23 909.84

STROOP COLOR WORD TASK
Frontal

Caudal middle frontal LH 2072 4.57 9469.04
Rostral middle frontal LH 1780 3.43 6105.40
Lateral orbitofrontal LH 1648 3.08 5075.84
Superior frontal RH 1088 3.48 3786.24
Precentral RH 960 3.11 2985.60
Superior frontal LH 880 3.14 2763.20
Precentral LH 836 3.13 2616.68

Parietal
Precuneus LH 2224 5.16 11475.84
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effect of MABP and WMSA volume (separately). Similar
analyses were performed by multiple regressions on the
regional cluster data to investigate the adsded explained
variance to the model when adding MABP or WMSA vol-
ume as a covariate. MABP had no significant effects on all
models. In contrast, the addition of WMSA volume as a
covariate substantially reduced associations between TMT
A and SCWT performance and white matter microstruc-
ture. Figure 2 demonstrates that entering MABP as a nui-
sance covariate had a limited effect on the associations
between cognitive performance and FA. In contrast, the
addition of WMSA resulted in a dramatic reduction in the
association between cognitive performance and white mat-
ter microstructure.

Table IV demonstrates the impact of MABP and WMSA
volume on selected regions of interest assessed by step-
wise regression. MABP had no significant effects on all
models. In contrast, the addition of WMSA to the model
increased the mean proportion of the explained variance
with 2.6% as compared with a model which investigated
associations between TMT A performance and FA (mean
increase of 2.6% in explained variance) in the left pars
opercularis, lateral orbitofrontal, superior parietal, and the
right rostral middle frontal white matter (with covariates
age, education, ethnicity, and use of antihypertensive
medication). There was no significant change in the

explained variance for ADC or DA in the areas examined.
The association between performance and RD in the left
superior parietal white matter was significantly mediated
by adding WMSA to the model. Adding WMSA to the
model of performance on TMT A resulted in stronger
associations between performance and microstructural
measures. This was not due to multi-collinearity, which
was checked by investigating the Variance Inflation Factor
(VIF < 10).

For TMT B, there was not a substantial change in R2

when adding MABP or WMSA to the model in any area
or in any diffusivity metric.

For the SCWT, adding MABP to the model did not sub-
stantially affect the R2 in any area or any metric. However,
adding WMSA to the model changes the R2 significantly
in almost every area for each diffusivity metric (mean
increase of 3.4% of the explained variance; see Table IV).

SEM Analyses

SEM was performed to test the hypothesis that eleva-
tions in blood pressure would contribute to WMSA bur-
den that would have a mediating effect on the associations
between DTI-based white matter integrity and cognitive
performance. To restrict the number of ROIs, three areas

TABLE III. (Continued)

Hemisphere Cluster size (mm3) Minimum P-value (10�x) Weight

Inferior parietal LH 1984 4.49 8908.16
Superior parietal RH 1048 3.79 3971.92
Postcentral LH 736 3.99 2936.64
Superior parietal LH 848 3.14 2662.72

Temporal
Transverse temporal LH 888 3.92 3480.96
Middle temporal LH 896 3.60 3225.60
Middle temporal RH 712 4.18 2976.16

Occipital
Lateral occipital LH 1824 4.72 8609.28
Pericalcarine RH 832 3.12 2595.84

Other
Superior corona radiata RH 25288 4.83 122141.00
Superior longitudinal fasciculus LH 1832 2.89 5294.48
Fornix stria terminalis RH 1152 4.09 4711.68
Splenium corpus callosum — 1704 2.41 4106.64
Superior longitudinal fasciculus RH 1440 2.83 4075.20
Tapetum LH 1080 3.01 3250.80
Posterior corona radiata RH 1136 2.81 3192.16
Superior corona radiata LH 1136 2.50 2840.00
External capsule LH 776 3.57 2770.32
Anterior limb of internal capsule LH 816 3.35 2733.60
Genu corpus callosum — 952 2.24 2132.48

Clusters were defined at P < 0.05 with a cluster threshold of 320mm3 for TMT A and B and a cluster threshold of 680 mm3 for the
Stroop Color Word Task. Regions were ordered by region/lobe and by weighting calculated as the product of the cluster size by the
minimum P-value (expressed as 10�x). Regional definitions were based on proximity to neural labels described in (Desikan et al., 2006;
Fischl et al., 2002) and in the JHU white matter atlas. TMT A, Trail Making Test part A; TMT B, Trail Making Test part B; SCWT, Stroop
Color Word Task.
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that were significantly related to SCWT and known to sup-
port executive functions were chosen for these analyses.
Earlier fMRI studies showed that SCWT performance is
associated with frontal and parietal activation [Egner and
Hirsch, 2005; Kaufmann et al., 2005; Mathis et al., 2009;
Pujol et al., 2001]. Therefore, the right and left superior
longitudinal fasciculus and the left anterior limb of the in-
ternal capsule, regions that showed significant effects in
our regression analyses and innervate frontal and parietal
areas, were chosen for the SEM analysis. We chose to use
the SCWT for these analyses, since the regression analyses
were more robust and consistent in this task (based on the
number of significant associations) compared with the
TMT results. A latent variable was specified for each diffu-
sivity metric (FA, ADC, DA, and RD). Each of these latent
factors were represented by their corresponding values of
the three ROIs. Next to this, age, MABP or WMSA, ethnic-
ity, blood pressure medication, and SCWT score were

entered in the model. Regressions with low standardized
regression weights were removed from the model, if the
model fit improved significantly. The full set of model
variables and starting point for each subsequent model is
shown in Figure 3 and presented in detail in Table V. As
can be seen from Table V the fit of the model was rela-
tively poor for each DTI metric in the full model. Remov-
ing MABP (and thus also medication use and ethnicity
because these variables were modelled in association with
MABP) improved the model fit substantially for FA, ADC,
and for RD, but not for DA (v2/df > 2). Based on the
model fit indices and the v2 difference tests, the most
adequate model was stepwise defined for each metric. The
reduced models for each diffusivity metric no longer con-
tained MABP, ethnicity, or medication use. The model fit
for DA was acceptable, but less adequate in terms of v2

(v2/df > 2). The most optimal models for each diffusion
metric are presented in Figure 4.

Closer investigation of the final models showed that the
direct relation between age and cognition is consistent
across the four models, ranging between �0.24 and �0.29.
However, this relationship was mediated by the DTI meas-
ures. As the SEM models showed, the indirect relation
between age and cognition varied between �0.10 (ADC:
0.40 � 0.63 � �0.39) and �0.13 (FA: 0.41 � �0.56 � 0.56
and Radial: 0.41 � 0.63 � �0.46). And thus, the direct rela-
tion was stronger than the indirect relation. Adding the
effect of the direct relationship age-cognition with the indi-
rect effect closely approximated the actual age-cognition
correlation of �0.379 (see Table II).

Furthermore, the relationship between the DTI metrics
and cognition in an aged population was mediated by
WMSA, which had been already suggested by the regres-
sion analyses and now confirmed by these SEM models.
The direct relation between diffusion and cognition varied
between �0.39 (ADC) and 0.56 (FA), while the actual rela-
tion between WMSA and cognition (direct and indirect)
was estimated at �0.396 (see Table II). This indicated that
the mediating effect of WMSA on the relationship between
DTI and cognition was estimated between 0 (for ADC) and
0.16 (for FA). This roughly approximated the mean increase
of 3.4% of the explained variance when adding WMSA to
the DTI—Stroop model in the regression analyses.

The SEM model for the axial diffusivity analyses
showed a different pattern. There was no significant medi-
ation of axial diffusivity on the relation between age and
cognition. But we did observe that WMSA mediates the
relationship between age and cognition by �0.12 (0.41 �
�0.30). Adding the direct effect between age and cognition
of �0.27 to the indirect effect again approximated the esti-
mated actual relationship shown in Table II.

The small added mediating effect of WMSA to the rela-
tion between ADC and cognition and the absence of a
mediating effect of WMSA to the relationship between
Axial diffusivity and cognition parallels the findings in the
regression analyses, viz. that the mediating effect of
WMSA were largest for FA and radial diffusivity.

Figure 2.

Influence of MABP or WMSA on the association between FA

and cognition. The influence of MABP (middle) or WMSA (right)

on the association between FA and the three cognitive tasks

(left) TMT A, TMT B, and SCWT. TMT A, trail making Test part

A; TMT B, Trail Making Test part B; SCWT, Stroop Color Word

Task; MABP, mean arterial blood pressure, WMSA, white matter

signal abnormalities. P < 0.05. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Overlap Between Regions Showing Cognitive

Associations With FA and WMSA

We mapped the colocalization of regions showing associ-
ations between cognition and white matter microstructure
along with the distribution of WMSA in the sample to deter-
mine whether WMSA were responsible for the regional
associations noted for FA. Figure 5 qualitatively demon-
strates that the distribution of WMSA, viz. the number of
participants with WMSA (threshold > 5), in our sample fol-
lowed the common periventricular pattern. These regions
are known to be vulnerable to ischemic events and white
matter damage due to a large watershed area extending
between 3 and 13 mm [Chalela et al., 2001]. Associations
between DTI measures, executive functions and processing
speed typically fell outside of these periventricular regions
and in the deep white matter as well as in areas unlikely to
show WMSA such as the corpus callosum.

DISCUSSION

This work demonstrated that there are substantial asso-
ciations between performance on executive functioning

and speed of processing tests on the one hand and re-
gional white matter integrity in generally healthy older
adults on the other. Contrary to our expectations, although
blood pressure was associated with several relevant varia-
bles, it did not have a substantial impact on the relation-
ship between white matter integrity and cognition. On the
other hand, WMSA burden, which has been associated
with hypertension and is thought to be in part an indicator
of vascular damage, contributed significantly to our model
describing the relationship between blood pressure, white
matter and executive functions and processing speed.
These findings are consistent with prior studies demon-
strating a complex pathway by which age-associated
changes in vascular health may influence neural health
and contribute to cognitive decline. In the current study,
although MABP and WMSA are both associated with the
cognitive measures and with white matter microstructure,
they each have a very different influence on the associa-
tion between executive functions and processing speed,
and white matter integrity. This study therefore suggests a
new perspective, which should be tested in future studies;
namely that blood pressure and WMSA work via different
pathophysiological pathways to promote age-associated

TABLE IV. Contribution of MABP and WMSA to the association between FA and cognition

Cognition Adding MABP Adding WMSA

Clustered regions of interest Hemisphere R2 P Fchange R2 P Fchange R2 P Fchange

Trail Making Test part A
Frontal

Lateral orbitofrontal LH 0.309 0.000*** 0.310 0.851 0.340 0.022*
Rostral middle frontal RH 0.309 0.000*** 0.309 0.902 0.332 0.044*
Pars opercularis LH 0.267 0.000*** 0.267 0.981 0.297 0.029*

Parietal
Superior parietal LH 0.333 0.000*** 0.333 0.716 0.360 0.028*

Stroop Color Word Task
Frontal

Superior frontal RH 0.323 0.000*** 0.323 0.858 0.359 0.012*
Precentral RH 0.309 0.000*** 0.309 0.849 0.359 0.004**
Superior frontal LH 0.314 0.000*** 0.314 0.981 0.353 0.010**
Precentral LH 0.357 0.000*** 0.357 0.924 0.376 0.029*

Parietal
Superior parietal RH 0.329 0.000*** 0.329 0.994 0.356 0.033*
Superior parietal LH 0.329 0.000*** 0.329 0.992 0.358 0.027*

Temporal
Middle temporal LH 0.353 0.000*** 0.354 0.875 0.388 0.013*
Middle temporal RH 0.301 0.000*** 0.301 0.806 0.350 0.004**

Other
Superior corona radiata RH 0.322 0.000*** 0.322 0.850 0.350 0.029*
Superior long fasciculus LH 0.352 0.000*** 0.353 0.799 0.377 0.036*
Superior long fasciculus RH 0.300 0.000*** 0.301 0.816 0.338 0.013*
Superior corona radiata LH 0.310 0.000*** 0.310 0.887 0.344 0.017*

*P < 0.05; **P < 0.01; ***P < 0.001.
Overview of the significant ROI results from the stepwise multiple linear regression analyses with cognition as the dependent variable
and regional FA as the independent variable with either MABP or WMSA volume added stepwise to the model. Age, education, ethnic-
ity and use of antihypertensive medication were entered as covariates. MABP, Mean Arterial Blood Pressure; WMSA, White matter
hyperintensities, R2: the explained variance of the model.
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cognitive decline. These analyses additionally suggest that
DTI metrics reflect pathologies inherent to some degree in
WMSA, at least in older adults. Additional work will be
necessary to determine whether altered signal on DTI can
differentiate tissue destined to become WMSA from more
subtle and potentially independent pathological processes
such as demyelination or other cellular changes that can-
not be measured by WMSA.

Mediating Effect of Blood Pressure

There is little consensus on the relationship among
blood pressure and cognition [Anson and Paran, 2005; de
Groot et al., 2000; Duron and Hanon, 2008; Euser et al.,
2009]. In this study, we found that variability in white
matter integrity associated with executive functions or
processing speed cannot be explained by variations in
blood pressure. The lack of influence of blood pressure on
the relationship between these cognition measures and
white matter integrity was not dependent on the use of
medication. We found no differences between participants
off and on medication, similar to what we reported previ-
ously [Leritz et al., 2010]. Our recent work suggests two
potential mechanisms by which blood pressure may influ-
ence cognition. We recently demonstrated an association
between MABP and FA in the genu of the corpus callosum

[Leritz et al., 2010] as well as a negative association
between MABP and cortical thickness in bilateral frontal,
temporal, and parietal regions [Leritz et al., 2010]. It is
therefore possible that some cumulative effect of the subtle
influence of blood pressure on both gray and white matter
is necessary to account for the influence of blood pressure
on cognition.

Blood pressure was examined as a continuous metric in
the current study. This is in contrast to prior studies that
have dichotomized participants into hypertensive or nor-
motensive groups as the primary approach [Burgmans
et al., 2009; Greenwald et al., 2001; Hannesdottir et al.,
2009; Huang et al., 2006; Kennedy and Raz, 2009b]. Dichot-
omizing blood pressure in hypertensive and normotensive
might conceal important variance and obscure the nature
of the investigated relationships. The WHO suggested that
a blood pressure of 140/90 mm Hg might already be con-
sidered as hypertension instead of 160/90 mm Hg. There-
fore, blood pressure should better be viewed as a
continuous distribution instead of a discrete one [Whit-
worth, 2003, 2005]. It is also possible that the relationship
between blood pressure and cognition is curvilinear, in
which low and high levels are associated with cognitive
deficits and moderate blood pressure levels improve cog-
nitive functioning as suggested earlier by Anson and
Paran [2005]. This could be especially true in older indi-
viduals where reduced auto regulation contributes to
decreased perfusion and orthostatic hypotension which
may subsequently influence cerebral function. Our study
adds to prior work utilizing an individual differences
approach attempting to better capture the unique

Figure 3.

The full model for structural equation modeling analyses. The

full model used for the SEM analyses for each diffusivity metric

separately. E represents the error term for each included vari-

able. MABP, mean arterial blood pressure; WMSA, white matter

signal abnormalities; DTI, diffusion tensor imaging.

TABLE V. Model fit indices for the full and final models

on the different DTI metrics

Model v2 (df) CFI RMSEA (90% CI)

Full model
FA 82.70 (21)a 0.75 0.15 (0.12–0.18)
ADC 55.56 (21)a 0.85 0.11 (0.08–0.15)
Axial diffusivity 71.68 (21)a 0.73 0.14 (0.10–0.17)
Radial diffusivity 56.95 (21)a 0.75 0.11 (0.08–0.15)

Without MABP
FA 8.21 (6) 0.98 0.05 (0.00–0.13)
ADC 11.87 (6) 0.97 0.09 (0.00–0.16)
Axial diffusivity 16.17 (6)a 0.92 0.11 (0.05–0.18)
Radial diffusivity 8.92 (6) 0.99 0.06 (0.00–0.14)

Reduced model
FA 8.50 (8) 0.99 0.02 (0.00–0.11)
ADC 13.42 (8) 0.97 0.07 (0.00–0.14)
Axial diffusivity 17.32 (8)a 0.93 0.09 (0.03–0.16)
Radial diffusivity 9.67 (8) 0.99 0.04 (0.00–0.12)

Model fit indices for the different models from Structural Equation
Modelling. FA, fractional anisotropy; ADC, apparent diffusion
coefficient; CFI, comparative fit index; RMSEA, root mean-square
error of approximation; CI, confidence interval.
av2/df > 2.
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quantitative variance in vascular health which may influ-
ence specific cognitive domains [Glynn et al., 1999; Leritz
et al., 2010; Waldstein et al., 2005; Yamada et al., 2003].
Finally, it should be noted that it is possible that resting
blood pressure is a less sensitive measure than challenge-
based metrics of vascular health and reactivity for the
examination of the influence of vascular health on brain
tissue and cognition. Future studies will examine whether
alternative metrics of systemic vascular health provide
additional insight into these results.

Mediating Effects of White Matter Signal

Abnormalities

Our results corroborate studies showing that the amount
of WMSA is strongly associated with executive functions
and processing speed [DeCarli et al., 2008; Gunning-Dixon
and Raz, 2003; Prins et al., 2005; Raz and Rodrigue, 2006;
Verdelho et al., 2007; Vernooij et al., 2009]. White matter
hypointensities on MRI are associated with a range of his-
topathologic mechnisms including reduction in myelin,

Figure 4.

Final reduced models for the associations between DTI and cognition. The reduced models that

explains best the relationship between the different diffusivity metric and cognition: A, FA; B,

ADC, C, Axial diffusivity, D, Radial diffusivity. E represents the error term for each included

variable. FA, fractional anisotropy; ADC, apparent diffusion coefficient; WMSA, white matter

signal abnormalities.
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gliosis, extracellular fluid, or vascular changes [de Groot
et al., 1998; DeCarli, 2003; Pasquier and Leys, 1997] and
have often been linked to hypertension and cognitive
decline [Artero et al., 2004; de Groot et al., 2000; DeCarli
et al., 2001; Firbank et al., 2007; Gunning-Dixon and Raz,
2000; Raz et al., 2007; Salat et al., 2010; Yoshita et al.,
2005]. WMSA may contribute to impaired cortical commu-
nication resulting in attenuated cognition.

Our results do not provide information on the underly-
ing mechanisms, but we found a stronger relationship for
RD than for DA. Given the animal literature relating DA
to axonal integrity and RD to myelin integrity [Song et al.,
2002, 2003], our results potentially suggest that the cogni-
tive variables under investigation are affected by subtle
quantitative regional demyelination and that the presence
of white matter hypointensities can account for much of
these associations. This inference must be taken cautiously
since recent studies question the interpretation of RD and
DA parameters in DTI studies [Wheeler-Kingshott and Cer-
cignani, 2009]. Nonetheless, our results indicate that DA
and RD are differently related to executive functions and

processing speed and that vascular factors such as blood
pressure and WMSA have different effects upon them. The
finding of stronger effects associations between cognitive
performance and RD compared to DA is in accord with
previous studies [Bhagat and Beaulieu, 2004; Madden et al.,
2009a; Zhang et al., 2010]; however, changes in both DA
and RD have been reported in the aged population [Sulli-
van et al., 2008; Vernooij et al., 2008].

Associations between white matter microstructure and
executive functions or processing speed were found in
regions outside of locations showing WMSA in this sam-
ple, however, WMSA contributed significantly to the rela-
tionship between diffusivity and cognition. Strong
mediating effects of WMSA on the association between ex-
ecutive functions or processing speed and white matter in-
tegrity were found in areas such as the internal capsule
and the corona radiate, but also distant from the periven-
tricular areas. It is possible that periventricular damage con-
tributes to diaschisis in other brain areas, which may
appear normal on macrostrucutral level, but are altered in
diffusivity at the microstructural level. Such a finding
would support the disconnection hypothesis for age-related
cognitive decline, according to which white matter deterio-
ration in older people disrupts the information flow in neu-
ral networks [Bartzokis et al., 2004; Hogan et al., 2006]. A
slightly different interpretation is that WMSA are a general
indicator of brain health, in tissue even remote from the
lesion. In any case, these data add to a substantial literature
demonstrating how altered white matter connectivity is
likely an important contributor to cognitive decline [Bucur
et al., 2008; Charlton et al., 2008; Kennedy and Raz 2009a;
Kennedy and Raz 2009b; Sullivan and Pfefferbaum 2006].

Limitations and Future Directions

The current study has limitations which must be
addressed in future work. First, the sample consisted of a
large proportion of African Americans as well as cogni-
tively healthy individuals with a family history of demen-
tia. It is possible that this unique composition of the
sample influenced the results and its generalizibility.
Recent work suggests that first-degree relatives of patients
with AD have an increased risk for developing dementia
[Huang et al., 2004], and may be characterized by more
vascular risk factors, such as hypertension [Abdullah
et al., 2009]. Thus, inclusion of first-degree relatives of AD
patients may limit the generalizibility of our results by
increasing the influence of vascular risk factors on the
association between cognition and white matter integrity.
On the other hand, this inclusion criterion could also be
considered being strength, as this allowed us to investigate
the mediating effects in a sample likely enriched with cere-
brovascular disease factors, such as blood pressure. This
sample provided a population that, although cognitively
healthy at recruitment, may be of greater risk for subse-
quent complications, and examination of this cohort

Figure 5.

Spatial distribution of WMSA relative to the DTI clusters associ-

ated with cognition. The number of participants with WMSA

(green, five participants—maximum participants) relative to the

significant FA clusters associated with TMT A, TMT B or SCWT

performance. TMT A, Trail Making Test part A; TMT B, Trail

Making Test part B; SCWT, stroop color word task. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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longitudinally will of great interest for future work. The
mechanisms of how WMSA mediate the association
between white matter integrity and executive functioning
or speed of processing needs further investigation. There-
fore, we are currently in the process of replicating this
work in a more normative sample.

Second, a few limitations with regards to the measure-
ment of blood pressure should be noted. We did not have
information of the actual duration of hypertension, an im-
portant risk factor when assessing the impact of vascular
factors on brain structure. However, acquiring this infor-
mation correctly is difficult, as many people are not aware
of being hypertensive. This would require a prospective
study with multiple blood pressure assessments and a
larger population sample, and was therefore considered
not feasible. Furthermore, a continuous monitoring of
blood pressure levels would be the ideal method. Recent
work showed that a 30 min office blood pressure measure-
ment (six measurements) agrees well with daytime ambu-
latory blood pressure measurement and has also the
potential to detect white-coat and masked hypertension
[van der Wel et al., 2011]. The participants in our sample
received four blood pressure measurements (two seated
and two standing), which is comparable to the procedure
described in van der Wel et al., [2011]. We therefore can
conclude that our blood pressure measurement can be
considered reliable and we should thus be able to detect
potential effects. Furthermore, we did not investigate any
differences between the various medications used to treat
blood pressure, as we do not have this information. How-
ever, we have corrected our analyses for medication use
and the interaction of medication use and the relationship
between cognition and white matter integrity revealed no
significant differences between participants on or off blood
pressure medication, suggesting that the effect is not sig-
nificant in our sample.

Third, we only included the SCWT and the TMT in
order to limit the number of analyses. These tests were
chosen as an indication for executive functions and proc-
essing speed. Several studies have shown that these areas
are most likely to be affected by hypertension or white
matter damage [Bucur and Madden, 2010; Gunning-Dixon
and Raz, 2000; Gunning-Dixon and Raz, 2003; Kuo et al.,
2004; Prins et al., 2005; Raz and Rodrigue, 2006; Verdelho
et al., 2007; Vernooij et al., 2009]. However, working mem-
ory is also an important cognitive domain that seems to be
related to vascular health [Raz and Rodrigue, 2006]. Future
work preferably should replicate our findings on other
cognitive domains and therefore should include additional
tests which tap into these domains. Related to this limita-
tion, is the fact that we did not include the baseline trial
for the SCWT reflecting perceptual motor speed. Although,
the results on the TMT-A suggest that influence from
speed processes would be minimal, this should be investi-
gated in more depth.

Given the large number of associations in the multiple
regression analysis, it is possible that chance findings may

have occurred. However, each regression showed the
same trend across regions. Specifically, that the association
between cognitive performance and white matter micro-
structure is mediated by WMSA. Results must be inter-
preted with caution given the cross-sectional design which
precludes assessment of causality. Although we used SEM
analyses to investigate associations among vascular, cere-
bral and cognitive changes, and evaluated the contribution
of individual differences in MABP or WMSA to the associ-
ation between diffusion and cognition, only longitudinal
designs can investigate the mutual associations between
these variables. We employed an automated procedure for
the labeling of white matter hypointensities on T1
weighted MRI. The use of T1 images in this manner has
been described in ours and other prior work [Bagnato
et al., 2003; Burns et al., 2005; Camp et al., 2005; Salat
et al., 2010]. These studies found the T1 WMSA measures
to be clinically relevant, altered in patient populations,
and as demonstrated in this study, associated with cogni-
tion and white matter microstructure. Recent discussions
in the literature of patients with Multiple Sclerosis have
indeed noted that FLAIR or T2 weighted images, which
are more sensitive for the detection of changes in white
matter signal, may also be less clinically significant [Bag-
nato et al., 2003; Miller et al., 1998; Sailer et al., 2001].
Most importantly, measurements of white matter hypoin-
tensities on T1-weighted images correlate with measure-
ments from FLAIR, and thus provides a reliable metric of
white matter lesions that is on par with more traditional
techniques [Benedict et al., 2004; Rovaris et al., 1999].

We note that certain regions measured by DTI are
highly prone to artifactual results given their size and
location in the brain. We therefore note that results regard-
ing the fornix stria terminalis should be interpreted cau-
tiously as this is a thin structure surrounded by
cerebrospinal fluid. Despite these limitations, the current
data showed an important relationship among vascular,
neural, and cognitive health in older adults, and may be
important towards future understanding of the clinical
management of vascular health in older adults.

CONCLUSION

In summary, our results show that variability in white
matter integrity associated with executive functions or
processing speed can be partially explained by WMSA
and not by variations in blood pressure. Greatest associa-
tions between executive functions or processing speed per-
formance and microstructure were found for radial
diffusivity and performance on the stroop task which may
suggest that the breakdown of myelin and the suggested
associated loss of connectivity in older adults has an im-
portant influence on executive function. Future work must
aim to understand precise mechanisms by which vascular
physiology influences white matter and contributes to age-
associated cognitive decline.
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