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Abstract
Although hypertension is a major risk factor for cerebrovascular disease (CVD) and is highly
prevalent in African Americans, little is known about how blood pressure (BP) affects brain behavior
relationships in this population. In predominantly Caucasian populations, high BP is associated with
alterations in frontal-subcortical white matter and in executive functioning aspects of cognition. We
investigated associations among BP, brain structure, and neuropsychological functioning in 52
middle-older aged African Americans without diagnosed history of CVD. All participants underwent
diffusion tensor imaging (DTI) for examination of white matter integrity, indexed by fractional
anisotropy (FA). Three regions of interest (ROI's) were derived in the anterior corpus callosum
(genu), posterior corpus callosum (splenium), and across the whole brain. A brief neuropsychological
battery was administered from which composite scores of executive function and memory were
derived. Blood pressure was characterized by mean arterial blood pressure (MABP), an indicator of
end-organ perfusion pressure. When controlling for age, higher MABP was associated with lower
FA in the genu, and there was a trend for this sample relationship with regard to whole brain FA.
When the sample was broken into groups based on treatment for BP regulation (medicated /
nonmedicated), MABP was related to genu and whole-brain FA only in the non-medicated group.
There were no associations in those individuals who reported taking medication to control blood
pressure. Neither MABP nor FA was significantly related to either neuropsychological composite
score regardless of medication use. These data provide important evidence that variation in BP may
contribute to significant alterations in specific neural regions of white matter in non-medicated
individuals without symptoms of overt CVD.
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Elevated blood pressure (BP) is a significant risk factor for cerebrovascular disease (CVD),
and it is becoming more prevalent as the population grows proportionally older and more
sedentary. Complications arising from high BP are more widespread in African American
communities relative to other racial groups (Howard et al., 2006; Taylor et al., 2008), and there
is evidence to suggest that as a group, African Americans are more susceptible to the serious
consequences of CVD, such as stroke and vascular-related cognitive decline (Singh, Cohen,
Krupp, & Abedi, 1998; Whitfield et al., 2008). It is possible that this increased susceptibility
to vascular events may also result in heightened risk for more subtle brain changes and
neuropsychological impairment.

Several studies have now provided substantial evidence that long-standing hypertension can
cause significant alterations to brain structure (den Heijer et al., 2003; Firbank et al., 2007;
Guo et al., 2009; Taki et al., 2004; Wiseman et al., 2004). Damage to white matter, in particular,
is well documented, with many reports that high blood pressure is associated with a greater
percentage of white matter lesions (WML; WM hyperintensities measured on T2 or fluid-
attenuated inversion-recovery (FLAIR) imaging) (Murray et al., 2005; Verdelho et al., 2007).
While these lesions are commonly found in periventricular brain areas (Henskens et al.,
2009), they have also been observed in frontal lobe white matter and subcortical brain regions
(Hoptman et al., 2009; Raz, Rodrigue, Kennedy, & Acker, 2007; van Es et al., 2008). In addition
to causing white matter lesions, hypertension and/or general indices of CVD risk can result in
damage to white matter fiber tracts. For example, a recent study found that “stroke risk” (a
classification that includes blood pressure as part of its formula) was associated with reduced
tissue integrity in the genu of the corpus callosum, a major white matter pathway providing
interhemispheric connectivity (Delano-Wood et al., 2008). The vulnerability of white matter
pathways, such as the corpus callosum, to vascular compromise has also been documented in
more severe cerebrovascular disorders such as vascular dementia (Schmahmann, Smith,
Eichler, & Filley, 2008; Zarei et al., 2009). Schmahmann and colleagues (Schmahmann et al.,
2008) have suggested that these changes may arise from thickening of arterial walls, followed
by consistently restricted blood flow, particularly to microvascular brain regions. White matter
is thought to be particularly vulnerable because of the fact that many pathways are fed by these
smaller blood vessels, making them more susceptible to ischemic injury (Schmahmann et al.,
2008). Reduced flow results in lower oxygenation, which could ultimately contribute to tissue
degeneration and neuronal death (Havlik et al., 2002; Knopman, Mosley, Catellier, & Sharrett,
2005; Skoog, 2005).

Regionally-specific hypertension-related alterations to white matter tissue have been reported,
including frontal and prefrontal brain regions (Raz, Rodrigue, & Acker, 2003; Raz, Rodrigue,
Kennedy et al., 2007), connections associated with subcortical nuclei (Jokinen et al., 2009;
van Es et al., 2008), as well as more posterior brain areas (Raz, Rodrigue, & Haacke, 2007).
However, despite evidence of seemingly widespread regional impact to brain structure, the
predominant finding has been that high blood pressure has at least an initial direct and selective
impact on anterior brain regions, particularly in the absence of overt dementia or severe
cognitive impairment. This impact includes damage to white matter connecting frontal and
subcortical brain regions (Debette et al., 2007; Gouw et al., 2008; Jouvent et al., 2008); (Gold
et al., 2005; Wiseman et al., 2004) as well as anterior corpus callosum fibers (Chen et al.,
2009; Delano-Wood et al., 2008). The vulnerability of anterior brain regions to high blood
pressure is supported by studies in patients with more advanced cerebrovascular diseases, such
as vascular dementia (Chen et al., 2009; Hallam et al., 2008; Zarei et al., 2009). For example,
a recent report found that patients with subcortical ischemic vascular dementia, a disease for
which hypertension is a risk factor, have evidence of damage to the anterior (genu) corpus
callosum, in addition to white matter in bilateral frontal-subcortical brain regions (Chen et al.,
2009). However, the majority of these studies examined high blood pressure as a group
classification as opposed to direct association with blood pressure values.
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Given the evidence of structural alterations to anterior brain regions, it is not unexpected that
there are associated decrements in cognition, primarily in executive functions, a
neuropsychological domain that in aging has been linked to the frontal cortex and its associated
subcortical structures (Brady, Spiro, & Gaziano, 2005; Sorond, Schnyer, Serrador, Milberg,
& Lipsitz, 2008). Notably, individuals with at least one CVD risk factor, such as elevated blood
pressure, perform poorly on neuropsychological measures of attention, concentration, and
higher-order thinking (Brady et al., 2005; Raz et al., 2003; Raz, Rodrigue, Kennedy et al.,
2007). Supporting the structure-function connection, these impairments have also been
reported in conjunction with white matter tissue changes. For example, Raz et al. (2007) found
a greater percentage of frontal lobe white matter hyperintensities in individuals with higher
blood pressure, and these markers were associated with executive functioning impairments
(Raz, Rodrigue, Kennedy et al., 2007). A more recent study found decreased executive
functioning in untreated hypertensives that correlated with indicators of white matter integrity
(mean diffusivity as assessed through DTI) (Hannesdottir et al., 2009). Thus, in summary, the
preponderance of evidence points to the anterior brain and executive functioning as primary
targets of elevated blood pressure.

While there is substantial evidence indicating brain structural and neuropsychological
consequences of high blood pressure and vascular risk, there are few studies that have examined
these associations across a range of risk indexed quantitatively, as opposed to grouping
individuals dichotomously by the presence or absence of risk (i.e., hypertensive or
nonhypertensive; low versus high vascular risk), and none of these studies, to our knowledge,
have examined these associations in an exclusively African American cohort. In the current
study, we examined relationships among continuous quantitative measures of white matter
integrity, cognition, and blood pressure. We used advanced DTI acquisition and analysis
procedures to investigate these quantitative relationships with three aims:

(1) Determine how blood pressure, a measure that is commonly used to gauge CVD risk, is
associated with brain structure (white matter). Specific regions of interest (ROIs) included
indices of integrity of anterior (anterior corpus callosum, or genu), posterior (posterior corpus
callosum, or splenium), as well as a whole brain diffusion tensor imaging (DTI) measure. We
predicted that higher levels of blood pressure and CVD risk would be associated with reduced
fractional anisotropy (FA), an index of white matter integrity, in the genu and on a whole brain
level, but not in the splenium because of its posterior location.

(2) Determine whether variation in blood pressure impacts cognition, specifically executive
and memory function, as these are associated with anterior and posterior brain regions,
respectively. We predicted that higher blood pressure would be associated with executive, but
not memory functioning.

(3) Determine whether variation in each of the three diffusion ROIs relates to cognition. We
predicted that higher FA in the genu of the corpus callosum, as well as whole-brain FA, would
be associated with higher scores (and thus better performance) on the executive functioning
composite score.

These collective predictions were based on the preponderance of evidence in prior literature
documenting frontal brain changes and executive function deficits in individuals with relatively
high risk for CVD, particularly in those without any evidence of overt disease or early dementia,
as is the case in the current sample. Ultimately, we expect that findings from this study would
contribute significantly to knowledge regarding risk in this specific population, as well as to
the larger literature on the relationship of quantitative indicators of CVD risk such as blood
pressure to brain structure and cognition.
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Methods
Participants

The study sample was comprised of fifty-two participants (23M /29F) who were recruited by
the Harvard Cooperative Program on Aging (HCPA) Claude Pepper Older American
Independence Center (OAIC). Participants in this program were recruited from the community
in response to an advertisement appearing in the HCPA newsletter asking for healthy
community-dwelling older African Americans to participate in a study to examine physical
health and cognition. Participants from this larger group who agreed to have a magnetic
resonance imaging (MRI) scan were included in the current study. Inclusion criteria included
age of 50–85. Participants were excluded for the following reasons: a history of head trauma
of “mild” severity or greater according to the criteria of Fortuny et al. (Fortuny, Briggs,
Newcombe, Ratcliff, & Thomas, 1980) (e.g., loss of consciousness for greater than 10 minutes),
any history of more than one head injury (due to possible cumulative neuropathological
effects), diagnosis of any form of dementia (i.e., Parkinson's, Alzheimer's), any severe
psychiatric illness, or any history of brain surgery. All participants were literate with at least
a 6th grade education. Fifty of the participants were right-handed. Mini-mental state
examination (MMSE) scores ranged from 24 to 30. These scores are in a range outside of a
dementia diagnosis, according to normative data in this particular racial group (Bohnstedt, Fox,
& Kohatsu, 1994; Wong & Baden, 2001).

MRI Image Acquisition
Each participant received a whole-head high resolution DTI scan (Siemens; 1.5 Tesla Sonata
System), collected using the following parameters: repetition time (TR)=7200 ms echo time
(TE)=77 ms, 60 slices total, acquisition matrix = 128 × 128 (field of view; FOV=256 × 256
mm), slice thickness = 2 mm (for 2 mm3 isotropic voxels) with 0 mm gap, with a b value=700
s/mm2, 10 T2 and 60 diffusion weighted images, and one image, the T2-weighted “low b”
image with a b-value=0 s/mm2 as an anatomical reference volume. Total acquisition time for
the DTI scan was 8 minutes 31 seconds. Acquisitions used a twice-refocused balanced echo
to reduce eddy current distortions (Reese, Heid, Weisskoff, & Wedeen, 2003).

Image Analysis and DTI Processing
Diffusion data were processed using a multistep procedure involving the FreeSurfer image
analysis suite (http://surfer.nmr.mgh.harvard.edu) and FSL (http://www.fmrib.ox.ac.uk.fsl/)
processing streams. A T2-weighted structural volume, collected using identical sequence
parameters as the directional volumes with no diffusion-weighting and thus in register with
the final diffusion maps, was used for all registration and motion correction using a 12-
parameter affine mutual information procedure in FMRIB's Linear Image Registration Tool
(FLIRT) (Jenkinson, 2003; Jenkinson, Bannister, Brady, & Smith, 2002; Jenkinson & Smith,
2001). The diffusion tensor was calculated for each voxel using a least-squares fit to the
diffusion signal (Pierpaoli & Basser, 1996), and brain-extracted using BET (Smith, 2002). The
FA metric was derived from the diffusion tensor as described previously (Pierpaoli & Basser,
1996). Each FA image was mapped to Talairach space. Then, FA data were prepared for
statistical analyses using TBSS (Tract-Based Spatial Statistics, (Smith et al., 2006)), part of
FSL. First, all participants' FA data were aligned into a common space using the nonlinear
registration tool FNIRT (Andersson, Jenkinson, & Smith, 2007a, 2007b), which uses a b-spline
representation of the registration warp field (Rueckert et al., 1999). Next, the mean FA image
was created and thinned to create a mean FA skeleton that represents the centers of all fiber
tracts common to the entire sample. Each subject's aligned FA data were then projected onto
this skeleton and then transformed back to native space, from which whole brain and ROI
voxel-based FA data were derived.
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Regional Analysis of Diffusion Data
Regions for ROI analysis included the anterior corpus callosum (genu), posterior corpus
callosum (splenium), and a global whole brain FA average. These regions were selected based
on the premise that higher levels of CVD risk factors would have an impact on major white
matter pathways (such as the corpus callosum) and on a whole brain level, at least in the early
stages of cerebrovascular disease. The corpus callosum is a major white matter pathway in the
brain that runs from anterior to posterior brain regions, and thus is an appropriate structure in
which to examine the differential effects of CVD risk on these specific brain regions.

Whole-brain FA was measured by segmenting the entire FA skeleton for each individual to
ensure that only white matter was included and to avoid potential partial voluming. Genu and
splenium ROIs were derived from the Johns Hopkins University white-matter tractography
atlas, a probabilistic atlas available as part of the FSL toolbox (Hua et al., 2008; Mori, Wakana,
Nagae-Poetscher, & van Zijl, 2005; Wakana et al., 2007). Mean FA values were extracted for
these atlas-defined regions on each volume. All ROI analyses were performed on native space
data by inverting the transform to standard TBSS space (see above) and then applying the
inverted (deprojected) transform to the regional labels (genu, splenium, whole brain).

Neuropsychological Testing
All participants completed a neuropsychological battery designed to assess both memory and
executive functions. The following measures were included in the current study: the
Trailmaking Test part B (Spreen & Strauss, 1998); California Verbal Learning Test-Second
Edition (CVLT-II) short-delay free recall (SDFR) and long-delay free recall (LDFR) (Delis,
Kramer, Kaplan, & Ober, 2000); and Controlled Oral Word Association (COWA) or Verbal
Fluency (Spreen & Strauss, 1998). All raw scores were converted to z-scores based on the
current sample. Z-scores from measures in each domain were added together to create a
composite score. The executive function composite score comprised scores from COWA and
Trailmaking part B. The memory function composite score was created by adding scores from
the CVLT-II SDFR and LDFR. Two individuals did not complete COWA and two did not
complete Trailmaking part B; thus, four individuals were not included in analyses with the
executive function subscore.

Cerebrovascular Disease Risk Assessment
Blood pressure (BP) was recorded in a seated position after five minutes of rest, with the arm
at rest at the level of the heart using a standard sphygmomanometer. A second measurement
was obtained 5 minutes later, and an average systolic and average diastolic pressure were
computed across the two measurements. Blood pressure was always measured by the study
physician (JLR). Systolic and diastolic blood pressure were then considered together to create
a mean arterial blood pressure (MABP) using the following formula: MABP: 1/3 (Systolic −
diastolic) + diastolic. MABP is a metric commonly used in clinical settings to obtain an accurate
metric of overall BP, due to the fact that it contains both systolic and diastolic measurements
in its formula. MABP is believed to indicate perfusion pressure, particularly in body organs.
Thus, it is an appropriate metric to use when examining associations between blood pressure
and brain structure, or blood pressure and function. Prior studies have utilized MABP,
particularly when examining blood pressure in the context of cognition or brain structure in
older adults (Brown et al., 2008; Guo et al., 2009). In our sample, systolic BP ranged from 105
to 172 millimeters of pressure (mm HG) and diastolic BP ranged from 56 to 109. MABP ranged
from 74 to 130. Current convention considers a MABP of approximately 106 to be indicative
of mild hypertension, and a MABP of 126 to be indicative of moderate hypertension (American
Heart Association). Nine percent (5 out of 53) of the sample would thus be considered to have
mild hypertension, and .2 % (1 out of 53) would be classified as having moderate hypertension.
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Medication Usage
An additional, potentially important variable relates to use of medication to control blood
pressure. In the current sample, 25 individuals (48%) were taking blood pressure regulating
medicine (such as beta blockers, ace inhibitors, or calcium channel blockers). Given the fact
that approximately half of the sample was taking blood pressure medications, we divided the
sample further and conducted analyses both across and in each group separately (medicated
and non-medicated). These individuals are also represented separately in Figures (see Figures
1 & 2) of significant results, demonstrating how participants taking blood pressure medication
fell across the distribution of each association.

Statistical Analyses
Statistical analyses initially involved a series of bivariate correlations to determine the
relationship of age to all primary variables (including MABP, genu FA, splenium FA, whole-
brain FA, executive function composite score, and memory composite score). Next, one-way
analyses of variance (ANOVAs) were conducted to determine any group differences (yes/no
medication use) on all primary variables. Primary analyses then involved a series of partial
correlation analyses examining: 1) the relationship of MABP to genu FA, splenium FA, and
whole-brain FA, 2) the relationship of MABP to each neuropsychological composite score,
and 3) the relationship of all three diffusion ROIs to each neuropsychological composite score.
Age was included as a covariate in those partial correlation analyses for which there was a
significant correlation with each dependent variable.

Results
Demographic, Physiological, Neuropsychological and Brain Structural Data

Demographic data, blood pressure data (MABP), and mean neuropsychological test scores
(including individual tests as well as composite z-scores) for the entire sample are presented
in Table 1. Table 2 presents mean FA values for diffusion ROIs.

Relationship of Age to all Variables
Bivariate correlation analyses were conducted to determine if age was significantly related to
any of the dependent variables. All three diffusion ROIs were all significantly related to age
(genu: r=−.42, p < .01; splenium: r=−.34, p < .05; whole-brain FA: r=−.39, p < .05). As
expected, in all three regions, age was negatively associated with FA such that FA decreased
as age increased across the sample. These results are presented in Figure 1; medication groups
are represented separately. Age was not associated with MABP (r=−.007, p > .05) or with either
neuropsychological variable (executive function: r=.23, p > .05; memory: r=−0.20, p > .05).
Thus, age was included as a covariate only in analyses with diffusion ROIs.

Effects of Medication
As an initial means to determine the effect of medication usage on all variables, we conducted
a series of ANOVAs to determine if there were significant differences between individuals
taking or not taking BP medication. Seven one-way ANOVAs were conducted with BP
medication as a between subjects variable and either MABP, genu FA, splenium FA, whole-
brain FA, executive function score, or memory score as the within-subjects dependent variable.
Group differences were found only for the genu (F (1, 50) = 5.49, p < .05). Means and standard
deviations for all variables by group are presented in Table 3. Four participants did not complete
one of the two measures used for the executive function composite score due to testing time
constraints (two in each group). Thus, analyses with the executive function variable contained
two fewer individuals per group (four total).

Leritz et al. Page 6

Neuropsychology. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Correlation Analyses with MABP
Due to the fact that approximately half of the total sample reported taking blood pressure
medications at the time of evaluation, correlation analyses were run in the entire sample as
well as separately for those individuals taking (“medicated”) and not taking (“non-medicated”)
BP medications.

1. Relationship of MABP to Diffusion ROIs—Partial correlations, controlling for age,
were computed relating MABP to all three diffusion ROIs in the entire sample and in each
group. Age was included as a covariate because of its significant negative association with all
three brain regions. In the entire sample, the relationship between MABP and genu FA was
significant (p < .01), and the relationship between MABP and whole-brain FA approached
significance (p=.08). The correlation between MABP and splenium FA was non-significant (p
> .05) (Table 4a). In the non-medicated group, analyses revealed that MABP was significantly
related to the genu and to whole-brain FA, but not to FA in the splenium (Figure 2; Table 4b).
In the medicated group, there were no significant relationships between MABP and spelnium
or whole-brain FA; however, the relationship between MABP and FA in the genu approached
significance (p=.07) (Table 4c), and trends in this group were similar to those in the non-
medicated group such that higher FA was associated with lower MABP values. In order to
more directly compare correlation coefficients across the two samples, Fisher r-to-z
transformations were conducted for the significant correlations, including the genu/MABP and
the whole-brain/MABP comparisons. These analyses revealed a z of .91 (p > .05) for the genu
correlation, and a z of 1.34 (p < .10) for the whole-brain comparison, indicating that these
correlations were not statistically significantly different across medicated and non-medicated
samples.

2. Relationship of MABP to Neuropsychological Composite Sores—Bivariate
correlation analyses revealed no significant relationships between MABP and either cognitive
score in the entire sample, or in either group, although the negative correlation between MABP
and executive function score approached significance in the entire sample (p=.06), such that
higher MABP was associated with poorer executive function. This was also true in the non-
medicated group (p=.11) (Tables 4a, 4b & 4c).

3. Relationship of Diffusion ROIs to Neuropsychological Composite Scores—
Partial correlation analyses, controlling for age, also revealed no significant relationships
between neuropsychological composite scores and any diffusion ROI for the whole sample or
for either group, although the relationship between the memory score and genu FA approached
significance in the non-medicated group (p=.11) (Tables 4a, 4b & 4c).

Discussion
The present data demonstrate associations between MABP and imaging measures of neural
integrity. Increased mean arterial blood pressure (MABP) was associated with decreased FA
in the genu of the corpus callosum; this relationship was the most significant in individuals
who did not report taking any blood pressure medications. MABP was also associated with
FA on a whole brain level in the non-medicated group, and there was a trend for this same
relationship in the entire sample. Splenium FA and MABP were not significantly correlated
in the whole sample, or in either group. Neither neuropsychological composite score was
related to MABP or to any of the diffusion ROIs, regardless of medication status. These data
are in part consistent with predictions and suggest that CVD risk (i.e., blood pressure) may
have a regional impact to anterior brain white matter, as well as a global impact. Our findings
are particularly compelling because of the increased prevalence of various CVD risk factors
in the African American community, and they raise the additional possibility of structural and
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cognitive changes in this population, whose clinical significance may be underreported. To our
knowledge, this is the first study of its kind to investigate this set of issues in a predominantly
African American sample, and the nuances of the findings must be further explored and
replicated in a larger sample with appropriate controls. Nonetheless, our study represents a
novel investigation of the neural and cognitive consequences across a range of blood pressure
values, and it provides the first steps in understanding the relationships among these complex
systems.

The relationship of white matter integrity (FA) to MABP is consistent with prior reports of a
negative impact on the integrity of white matter microstructure (Holtmannspotter et al.,
2005; Taki et al., 2004; van Dijk et al., 2004), and furthermore, it appears that blood pressure
is selectively related to anterior brain regions, evidenced by a significant relationship between
MABP and the anterior (genu), but not posterior (splenium), corpus callosum. Degeneration
of anterior callosal fibers has previously been described in association with hypertension and
vascular risk, and is also supported by prior studies demonstrating hypertension-related white
matter signal abnormalities primarily in frontal and subcortical brain regions (van Dijk et al.,
2004; Wu et al., 2006). Our findings are also consistent with reports of a CVD-related impact
on the anterior callosum in more severe dementing disorders with vascular etiology (Hallam
et al., 2008), supporting the idea that the genu may be vulnerable to CVD risk before a disease
process is evident. White matter disease is indeed thought to be an indicator of worsening
disease and cognitive function, particularly in individuals with a history of CVD and CVD risk
(Dufouil et al., 2009).

The fact that there were no significant findings between MABP and FA in the group taking
medications suggests that treatment potentially has a modifying effect on the associations
between blood pressure and brain structure. Prior studies have reported similar
neuroanatomical and functional consequences of high blood pressure, regardless of medication
use. For example, Raz et al. (2003) found reduced prefrontal brain volumes and lower executive
functioning in both treated and untreated high blood pressure, suggesting that hypertension
may be detrimental even when controlled by medication (Raz et al., 2003). However, past work
has also described circumstances under which hypertensive medication may harbor a protective
effect on brain structure and function, and may serve to prevent or slow cognitive decline
(Dufouil et al., 2001). Alzheimer's disease patients with a history of blood pressure medication
use have even demonstrated less neuropathology on autopsy when compared to those with no
such history (Hoffman et al., 2009). Supporting the idea that treatment may at the very least
result in differences compared to non-treatment, a recent study found that when compared with
normotensive individuals, medically-treated hypertensives exhibited deficits on tests of
executive functions, while those with untreated high blood pressure demonstrated worse
memory performance (Hannesdottir et al., 2009). The only association with brain structure was
found in the untreated group, in which poorer scores on tests of executive function correlated
with lower DTI mean diffusivity values (Hannesdottir et al., 2009). Thus, there is certainly a
sufficient amount of evidence to suggest that medication use may influence brain-behavior
relationships. Our data are consistent with this idea, as we found that blood pressure only
significantly related to brain structure in the absence of controlling medication; in addition,
there were also significant between-group differences only in the genu such that those taking
medication had a higher mean FA than those who were not. The fact that medication groups
did not differ significantly with regard to any other variable provides further support for the
idea that blood pressure primarily has an effect on anterior white matter. Despite these relatively
consistent findings, our sample does differ from prior work in that it did not focus exclusively
on hypertension, and instead, contained a fairly broad range of blood pressure readings, from
“normotensive” to mild and moderately “hypertensive.” In fact, the non-medicated group
represented a larger range of BP values, while the medicated group was, not surprisingly, more
restricted in range. Taken together with the fact that the association with FA was similar, and
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with the fact that the actual correlations were not significantly different, this suggests that group
differences may be in part due to differences in blood pressure variability. It may be that with
larger sample sizes, correlation magnitudes would become more statistically different in
medicated versus non-medicated groups. While medication may influence the BP-brain
structure association, there might still be a relationship whereby higher BP, even in a range
that would not warrant treatment by clinical standards, may have a negative impact on white
matter. However, based on these results alone, we are not able to make statements regarding
the potentially protective role of BP medication, other than to speculate that it may prevent
against white matter disease (such as degeneration), as longitudinal studies of the relationship
between BP and white matter have demonstrated (Guo et al., 2009). Our findings do shed
additional light on the impact that blood pressure has on brain structure even in the mild to
moderate range of risk, and at the very least suggest that medication to control blood pressure
may mediate this physiology-structure relationship.

We did not find any significant relationships between brain structure (diffusion) and
neuropsychological variables, which was inconsistent with predictions and prior studies that
have found associations between FA and cognition even in samples with no CVD or
hypertensive medication usage (Madden et al., 2004; Schiavone, Charlton, Barrick, Morris, &
Markus, 2009). One possibility for the lack of findings is that an observable structure-function
relationship with diffusion markers of white matter integrity is not apparent until more
advanced stages of cerebrovascular disease. Indeed, there is substantial evidence to indicate
that white matter abnormalities such as “silent” lacunar infarcts often do not manifest
themselves clinically (Kramer, Kenenoff, & Chui, 2001; Kurata, Okura, Watanabe, & Higaki,
2005; Takahashi et al., 2006). As such, our findings of higher blood pressure in relation to both
global and regionally reduced FA are potentially early indicators of silent subclincal CVD.
However, it is important to note that despite these non-significant correlations, there were two
instances in which the direction of the observed correlation was in the opposite direction of
what was expected, such that higher splenium FA was associated with lower performance; this
was the finding for executive function in the medicated group and for memory function in the
non-medicated group, while the correlation direction in the whole sample was in the expected
direction. Thus, it may be that medication for blood pressure impacts associations specifically
between the splenium and cognition, and it is possible that with a larger sample size, such
relationships would become more apparent and significant. However, in the present study it is
merely speculative to comment on these potential findings.

The relationship of age to all diffusion ROIs is not surprising, given prior evidence of a negative
relationship between age and FA in global and regional brain regions (Salat et al., 2005),
including anterior white matter (Yoon, Shim, Lee, Shon, & Yang, 2008). Although not a
primary focus of the paper, there were also no significant relationships between blood pressure
and neuropsychological functioning, with the exception of a trend for higher MABP and lower
executive function composite scores. This is consistent with hypotheses and with what has
been reported previously, and perhaps it is the case that these relationships also become more
evident as CVD progresses. Additionally, it is certainly possible that with greater power (i.e.,
larger sample size), the associations between neuropsychological functioning and both brain
structure and blood pressure will become more significant.

Our results also provide important implications for the current conceptualization of the phrase
“normal cognitive aging.” Much of the literature examining normal aging employs
chronological age as a primary independent variable for exploring age-related brain and
cognitive changes; historically these studies have used self-report of diseases such as
hypertension and diabetes to define groups of assumed healthy participants. The current study
provides evidence that these variables may be uncontrolled covariates that should be considered
as standard biological factors contributing to variation in neural and cognitive aging. We
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present critical data implying that a wide range of levels, including those in the subclinical
range, can have measurable effects on cognition and brain structure in middle-older aged adults
who are self-reported “healthy,” the standard population for studies of normal aging.

It is important to note that the present study was cross-sectional, and as such, does not allow
for causal inferences to be made regarding the directionality of the relationship between blood
pressure and brain structure. For example, it is certainly possible that changes in white matter
precede any blood pressure variation, and alternatively, that the two are not as intrinsically
connected as is believed (Jennings & Zanstra, 2009). As suggested by Jennings and Zanstra
(2009), the mechanisms underlying vasculature and the brain are still not completely
understood, and future studies, particularly those with a longitudinal component, will be
necessary to make more precise statements (Jennings & Zanstra, 2009). Nonetheless, we
present preliminary but novel findings of a relationship between a physiological risk factor and
neural structure in a population that is especially vulnerable to cerebrovascular disease. The
fact that our data indicate that manifestations of CVD risk factors such as blood pressure may
be operating before a disease process is evident further underscores the importance of early
detection, treatment, and monitoring. It may be that over time, the brain becomes even more
vulnerable to long-standing elevated blood pressure, and thus, longitudinal investigations are
critical. Furthermore, future studies focusing on how aging affects the brain should consider
blood pressure, with and without medication usage, as a potential mediator of change.
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Figure 1.
Relationship of age to diffusion ROIs.
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Figure 2.
Relationship of MABP to diffusion ROIs.
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Table 1

Demographic, Physiological and Neuropsychological Data (n=52)

Mean Standard Deviation

Age 66.02 7.63

Education (years) 13.60 2.30

MMSE score 27.19 2.26

Physiological

Systolic Blood Pressure (mm HG) 135.68 16.37

Diastolic Blood Pressure (mm HG) 80.70 8.66

MABP 99.03 10.19

Neuropsychological

Trailmaking part B (seconds) (n=50) 113.50 57.62

COWA (n=50) 36.97 12.84

Executive function composite z-score (n=48)^ −.07 1.09

CVLT SDFR 8.41 2.48

CVLT LDFR 9.24 2.86

Memory composite z-score .05 1.81

*
MABP=mean arterial blood pressure; CVLT=California Verbal Learning Test; SDFR=short-delay free recall; LDFR=long delay free recall;

COWA=controlled oral word association; MMSE=Mini-Mental State Examination (score is out of 30 possible points)

**
CVLT SDFR and LDFR: score is out of 16 total words; COWA: total words beginning with F, A and S given in 3 minutes

^
total N is reduced to 48 for the executive function composite score due to 4 individuals not completing all tests.
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Table 2

Fractional anisotropy (FA) data for diffusion ROIs*

Diffusion ROIs** Mean Standard Deviation

Genu FA .77 .07

Splenium FA .83 .06

Whole Brain FA .35 .03

*
FA values range from .1 (lowest anisotropy) to .9 (highest anisotropy)
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Table 3

Demographic, MABP, diffusion, and neuropsychological data by BP medication group

Medicated (N=25) Mean
(SD)

Non-Medicated (N=27) Mean
(SD)

Age 65.38 (6.92) 63.48 (9.23)

MABP 98.64 (9.82) 97.00 (11.64)

Genu FA* .77 (.08) .81 (.05)

Splenium FA .82 (.06) .84 (.05)

Whole-brain FA .35 (.03) .36 (.03)

Executive Function Composite z-Score (n=23) −.16 (.03) .03 (1.02)

Memory Composite z-Score .31 (1.50) −.17 (2.04)

*
p < .05 between groups (one-way ANOVA)
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Table 4a

Partial and Bivariate Correlations between MABP, Diffusion ROIs, and Neuropsychological Variables in the
entire sample (n=52)

MABP Genu FA Splenium FA Whole-brain FA

MABP --- −.458** −.115 −.248^

Executive function score (n=48) −.253^ .014 .002 .200

Memory score −.104 −.060 .039 .107

Correlations with all diffusion ROIs (genu FA, splenium FA and whole-brain FA) were partial correlations controlling for age

MABP=Mean arterial blood pressure

**
p < .01

^
approached significance (p < .10)
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Table 4b

Partial and Bivariate Correlations between MABP, Diffusion ROIs, and Neuropsychological Variables in the
medicated group (n=25)

MABP Genu FA Splenium FA Whole-brain FA

MABP --- −.376^ .048 −.044

Executive function score (n=23) −.173 −.161 −.112 .029

Memory score .036 .231 .268 .284

Correlations with all diffusion ROIs (genu FA, splenium FA and whole-brain FA) were partial correlations controlling for age

MABP=Mean arterial blood pressure

^
approached significance (p < .10)
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Table 4c

Partial and Bivariate Correlations between MABP, Diffusion ROIs, and Neuropsychological Variables in the
non-medicated group (n=27)

MABP Genu FA Splenium FA Whole-brain FA

MABP --- −.581** −.321 −.413*

Executive function score (n=25) −.318 .141 .237 .342

Memory score −.206 −.331 −.251 −.004

Correlations with all diffusion ROIs (genu FA, splenium FA and whole-brain FA) were partial correlations controlling for age

MABP=Mean arterial blood pressure

*
p < .05

**
p < .01
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