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Cardiovascular (CV) risk factors, such as hypertension, diabetes, and hyperlipidemia are associated with
cognitive impairment and risk of dementia in older adults. However, the mechanisms linking them are
not clear. This study aims to investigate the association between aggregate CV risk, assessed by the
Framingham general cardiovascular risk proﬁle, and functional brain activation in a group of communitydwelling older adults. Sixty participants (mean age: 64.6 years) from the Brain Health Study, a nested
study of the Baltimore Experience Corps Trial, underwent functional magnetic resonance imaging using
the Flanker task. We found that participants with higher CV risk had greater task-related activation in the
left inferior parietal region, and this increased activation was associated with poorer task performance.
Our results provide insights into the neural systems underlying the relationship between CV risk and
executive function. Increased activation of the inferior parietal region may offer a pathway through
which CV risk increases risk for cognitive impairment.
Ó 2014 Elsevier Inc. All rights reserved.
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1. Introduction
Cardiovascular (CV) risk factors, such as hypertension, diabetes
mellitus, dyslipidemia, and obesity, are important modiﬁable risk
factors associated with cognitive impairment and risk of dementia
in older adults (Kivipelto et al., 2001; Kloppenborg et al., 2008;
Whitmer et al., 2005). CV risk factors are highly prevalent in older
adults, and they rarely exist alone. Although each individual CV risk
factor can have a deleterious impact on cardiovascular and cognitive health, typically, it is often a combination of several risk factors
that act in both an additive and multiplicative manner to impose
the greatest risk of cardiovascular diseases and dementia (Kalmijn
et al., 2000; Kivipelto et al., 2001; Luchsinger et al., 2005;
Whitmer et al., 2005).
Executive functions, such as planning, organizing sequential
tasks, inhibiting interfering sources of information, and task
switching, are important cognitive functions thought to be not only
susceptible to the effects of aging (Buckner, 2004; Head et al., 2004;
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Hedden and Gabrieli, 2004; Raz et al., 1998; West, 1996) but also
impaired in the early stages of dementia and Alzheimer’s disease
(AD) (Albert et al., 2001; Buckner, 2004; Carlson et al., 2009).
Moreover, CV risk factors and cardiovascular diseases (CVD) have
been consistently found to be associated with deﬁcits in executive
function (Elias et al., 2004; Fontbonne et al., 2001; Garrett et al.,
2004). Although the relationship between CV risk factors and
cognitive impairment and dementia in older adults is established,
the mechanisms linking them are just beginning to be explored.
Neuroimaging techniques are one way to investigate possible
mechanisms, however few studies have used these techniques to
examine the association between individual CV risk factors and
functional brain activation (Jennings et al., 2005).
The present study aims to investigate the association between
aggregate CV risk assessed by a nationally validated Framingham
General Cardiovascular Risk Proﬁle and executive brain function
using functional magnetic resonance imaging (fMRI) in a group of
community-dwelling older adults who are cognitively normal, yet at
elevated risk for cognitive impairment. The executive function task
used in this study targets selective attention and inhibitory control of
broad executive function and has been shown to be sensitive to the
effect of cardiovascular ﬁtness on brain function changes in older
adults (Colcombe et al., 2004), and thus might be sensitive to an
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aggregate CV risk score. In the neuroimaging literature, using similar
tasks, regions of the frontal and parietal cortices, particularly the
middle frontal gyrus and the superior and inferior parietal lobes, are
consistently implicated (Casey et al., 2000) and are regions of primary interest here. Whether aggregate CV risk is associated with
greater or less task-related activity in attentional circuitry described
previously is still under exploration. Nonetheless, fMRI studies in atrisk older adults have often shown more extensive and stronger
cortical recruitment in these task-related regions (Bondi et al., 2005;
Bookheimer et al., 2000). Hence, we hypothesized that greater
aggregate CV risk would be associated with more extensive and
greater activation in executive function-related brain regions,
particularly frontal and parietal cortices.
2. Methods
2.1. Participants
The study sample for this fMRI study was drawn from the Brain
Health Study (BHS), a nested study within the Baltimore Experience
Corps Trial (BECT). The BECT is a randomized controlled trial of the
Experience Corps (EC) program in Baltimore, a volunteer senior
service program in urban elementary schools, initiated in 2006
(Fried et al., 2013). Seven hundred and two eligible participants were
recruited and randomized to the EC program intervention or a usual
low-activity control group. Eligibility criteria have been described
previously (Carlson et al., 2008; Steiger, 1980), and included as: (1)
being aged 60 years or older; (2) English speaking; (3) minimum
sixth grade reading level on the Wide Range Achievement Test
(Wilkinson, 1993); (4) Mini-Mental State Examination (Folstein
et al., 1975) score of 24 or higher; and (5) completion of the Trail
Making Test (Reitan, 1958) parts A and B within the allocated time
(part A ¼ 240 seconds and part B ¼ 360 seconds). The BHS simultaneously recruited 120 of the trial participants before randomization within the BECT, to avoid any potential selection biases
associated with knowledge of placement. The BHS was designed to
examine the biological mechanisms by which the EC program induces cognitive and brain plasticity, using structural and functional
brain magnetic resonance imaging (MRI), and a fasting blood panel
of metabolic proﬁles collected at baseline. Additional eligibility
criteria included were: (1) right hand dominance to avoid possible
laterality confusion in left-handed individuals; (2) no implanted
pacemaker, deﬁbrillator, or other electronic or metal devices; and (3)
no history of atrial ﬁbrillation, stroke, brain tumor, brain hemorrhage, or brain surgery for a cerebral aneurysm. The study was
approved by the Johns Hopkins Institutional Review Board and all
participants provided written and informed consent.
fMRI scans were collected on 113 participants in the BHS.
Twenty-four participants were excluded because one or more of the
variables needed to calculate the Framingham General Cardiovascular Disease Risk Proﬁle were not available at baseline. In addition,
11 participants above the age of 75 years were excluded because
they were outside the age range in which the Framingham General
Cardiovascular Disease Risk Proﬁle was developed. Finally, eighteen
participants were excluded because of fMRI factors such as poor
image quality, artifacts and/or excessive motion. The ﬁnal sample
included 60 participants. Fig. 1 presents the ﬂowchart describing
study sample selection.
2.2. Assessment of cardiovascular risk factors
Aggregate CV risk was assessed using a newly-developed Framingham general cardiovascular disease (CVD) risk proﬁle. This risk
score is designed for use in primary care to identify individuals at
high risk for a broad range of CVD events including coronary heart
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disease (coronary death, angina, coronary insufﬁciency), cerebrovascular events (all strokes and transient ischemic attacks), peripheral arterial disease, and heart failure. Its development was
based on 1174 CVD events over a 12-year follow-up period for 8491
participants aged 30e74 years in the Framingham Heart study
(D’Agostino et al., 2008). The risk proﬁle, calculated using age, sex,
high density lipoprotein (HDL) cholesterol, total cholesterol, treated
or untreated systolic blood pressure, cigarette smoking, and diabetes, provides an estimate of the risk of CVD over a 10-year period.
Though this risk score was developed in a predominantly white
population, it has been validated in other racial groups such as
African-Americans (Hurley et al., 2010).
Components of the risk proﬁle were drawn from questionnaire
and physical examination data at baseline. Systolic blood pressure
was taken in the sitting position after resting with the sphygmomanometer. Treated hypertension was determined by self reported
history and/or use of antihypertensive medication. Medical history
of cardiovascular events was also obtained via self-report. Participants were asked about history of a number of cardiovascular
events, including heart attack (or myocardial infarction), congestive
heart failure, angina (or chest pain because of heart disease),
intermittent claudication (or pain from blockage of the arteries),
stroke or brain hemorrhage, and transient ischemic attack. No
participants in the present study reported any cardiovascular
events described previously. Participants were categorized by their
cigarette smoking status as current smokers or past or nonsmokers. Diabetes was deﬁned by self-report of diagnosis of diabetes or by a fasting glucose 126 mg/dL. A 10-year risk of incident
CVD, expressed as a percentage, was calculated from the Cox model
formulas (D’Agostino et al., 2008).
2.3. Executive function task
A modiﬁed version of the Eriksen ﬂanker task (Botvinick et al.,
1999; Colcombe et al., 2005) was used to measure components of
executive function, speciﬁcally selective attention and inhibition.
This task has been used previously to study executive function in
older adults (Colcombe et al., 2004, 2005). Participants were asked
to press a button in their left or right hand as quickly and accurately
as possible to indicate the direction of a central target arrow ﬂanked
by 4 arrows pointing in the same direction (congruent; <<<<<) or
in the opposite direction (incongruent; >><>>). Executive demand was manipulated in 2 ways, through the direction of the
ﬂanking arrows (i.e., congruency) and a visual cue to help focus
attention on the central arrow (small red circle) versus a cue around
all 5 arrows that provided no information (large red circle).
Therefore, incongruent arrows with a large cue would have the
greatest demands on executive function while the congruent arrows with a small cue would have the lowest demands.
This yielded 4 conditions shown in Fig. 2: congruent small circle
(ConSm), incongruent small circle (IncSm), congruent large circle
(ConLg), and incongruent large circle (IncLg). The participants were
presented 40 trials of each condition for a total of 160 trials in a
rapid event-related paradigm. Each stimulus was displayed for 2
seconds in the middle of the screen on a black background. The
interstimulus interval varied with a 3 second presentation of a
central ﬁxation crosshair followed by 40% jittered periods. ISIs
ranged from 1.5 seconds to 18.5 seconds, with a mean of 3.7 seconds. All stimuli were presented using E-Prime on an MRI-safe back
projection system.
Accuracy and reaction time (RT) were recorded for each trial. A
measure of interference (the ﬂanker effect; Eriksen and Eriksen,
1974), representing demand for executive function, was computed
as (mean RT of incongruent trials  mean RT of congruent trials)
separately by cue size. Only correct responses were analyzed. Two
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Fig. 1. The ﬂowchart of selection of the study sample.

participants had an insufﬁcient number (<60%) of accurate trials
and were excluded from further fMRI data analysis.
2.4. Imaging methods
2.4.1. Imaging acquisition
All imaging data were collected on a 3T Intera Philips scanner
(Best, the Netherlands). Whole-brain functional data were acquired
with T2*-weighted echoplanar images (repetition time ¼ 1500 ms;
echo time ¼ 30 ms; slice thickness ¼ 4 mm/1 mm gap; 30 slices,
interleaved acquisition; ﬂip angle ¼ 70 ; matrix ¼ 64  64; ﬁeld of
view ¼ 240 mm). Data were acquired in a single run of 578 volumes.
A structural image was also collected using the magnetization
prepared rapid-acquisition gradient echo protocol (repetition

Fig. 2. The Flanker task.

time ¼ 8 ms, echo time ¼ 3.6 ms, ﬁeld of view ¼ 256 mm, matrix ¼
256  256, slice thickness ¼ 1 mm; 200 slices).
2.4.2. fMRI preprocessing and registration
Unless otherwise speciﬁed, all fMRI data processing and statistical analyses were carried out using FMRIB’s (Oxford Centre for
Functional MRI of the Brain) software library (FSL) 4.1.9 (www.
fmrib.ox.ac.uk/fsl; Smith et al., 2004).
Preprocessing of the functional data included slice time correction, motion correction using a rigid body algorithm in MCFLIRT
(Jenkinson et al., 2002), removal of non-brain structures using brain
extraction tool (BET; Smith et al., 2002), spatial smoothing using a
7.0 mm full width at half maximum (FWHM) Gaussian kernel, and
high-pass temporal ﬁltering with a 50-second cutoff.
Two methods were used to reduce noise in the images before
further processing. The artifact detection tools (Whitﬁeld-Gabrieli,
2009), a statistical parametric mapping toolbox, was used to
identify outlier volumes based on the following criteria: (1) global
mean image intensity that differed from that in the previous volume by more than 3 standard deviations; and (2) mean displacement because of motion of more than 2 mm. Outlier volumes were
added as nuisance regressors in the general linear model. The
MELODIC (Beckmann and Smith, 2004), an independent component analysis in FSL, was used to ﬁlter artifact components from the
data before ﬁrst-level analysis.
The preprocessed functional images for each participant were
spatially registered into standard (Montreal Neurological Institute)
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space, using a 12-parameter afﬁne registration (FMRIB’s linear
image registration tool).
2.4.3. fMRI statistical analysis
Following preprocessing and registration, regression analyses at
the individual level and group level were carried out using FMRI
expert analysis tool version 5.98 (Beckmann et al., 2003). Each
condition (ConLg, ConSm, IncLg, IncSm) was added separately to
the general linear model and convolved with a double-gamma
hemodynamic response function. Only correct trials in each condition were included, and error trials from all conditions were
entered as covariates. Nuisance regressors included dummy-coded
outlier volumes identiﬁed previously.
We were particularly interested in the contrasts comparing
incongruent trials to congruent trials within the large cue size (IncLg
> ConLg) and within the small cue size (IncSm > ConSm) because
these 2 contrasts represented high versus low executive demand.
Contrasts of the 4 conditions were calculated and then forwarded to
the second level analysis using FMRIB’s local analysis of mixed effects. We ﬁrst assessed activation associated with the 2 contrasts of
interest, and then the Framingham general cardiovascular risk score
was entered into the model as a continuous variable to investigate its
correlation with task-evoked fMRI activity. To eliminate confounding from structural brain differences, gray matter partial volume
images of each participant obtained using FMRIB’s automatic segmentation tool were entered into the model. In secondary analyses,
we examined the contributions of individual components from the
Framingham general cardiovascular disease risk proﬁle, including
age, sex, systolic blood pressure, diabetes, smoking status, total
cholesterol, and HDL cholesterol, by regressing each of these components on whole-brain fMRI activity in the 2 contrasts of interest
and 4 main conditions. For all analyses, a threshold of Z >2.33 was
used for cluster-based correction for multiple comparisons and a
(corrected) cluster signiﬁcance threshold was set as p < 0.01
(Worsley, 2001).
2.5. Statistical analysis
Partial correlations were computed between the behavioral
measure of executive function using the ﬂanker task and the Framingham general cardiovascular risk score, controlling for age.
Partial correlations were also computed between the mean percent
signal changes from contrasts of interest and the CV risk score, also
controlling for age. Although age is a component of the Framingham general CV risk score, we conservatively adjusted for age in
these analyses because it was expected to correlate with ﬂanker
task speed and task-related fMRI activity. In addition, the correlations between mean percent signal changes from contrast of interest and behavioral performance were also examined.
3. Results
The demographic characteristics of study participants are presented in Table 1. Most participants were African American women.
They had a high prevalence of CV risk factors. The mean 10-year risk of
cardiovascular diseases was 19.7% (range: 2.9%e59.4%). Those participants were excluded because poor image quality, excessive motion,
and poor task performance did not differ from the remaining sample in
age, education, Mini-Mental State Examination, or CV risk score.
3.1. Behavioral results
Cognitive data are summarized in Table 2. Overall, errors were
low across all 4 conditions (0.02%e0.1%); as expected, the most
attention demanding condition, incongruent large cue (IncLg),
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yielded the highest percentage of errors. Mean RT for the incongruent conditions collapsed across cue sizes was slower than the
congruent conditions (paired t test, t[59] ¼ 13.2, p < 0.001). Executive demand within the large (uninformative) cue condition (mean
IncLg RTemean ConLg RT) was greater than within the small cue
condition (mean IncSm RT  mean ConSm RT) (t [59] ¼ 7.27,
p < 0.001).
CV risk scores were not associated with executive function
performance, measured by RT differences between incongruent
and congruent conditions for the large cue (r ¼ 0.20, p ¼ 0.12) or
small cue conditions (r ¼ 0.13, p ¼ 0.33) (Fig. 4B).
3.2. Imaging results
3.2.1. Group analysis of the ﬂanker task
Consistent with previous ﬁndings of fMRI studies using the
ﬂanker task (Botvinick et al., 1999; Bunge et al., 2002; Casey et al.,
2000; Colcombe et al., 2005; Durston et al., 2003; van Veen et al.,
2001), we found signiﬁcantly increased activity in the bilateral
middle frontal gyrus, anterior cingulate cortex, supplementary
motor area, and bilateral parietal and occipital lobe in the high
demand contrast (IncLg > ConLg) (Table 3.). However, in the
contrast requiring less executive control (IncSm > ConSm), only
1 cluster in the right occipital lobe was identiﬁed (Table 3). This
parametric manipulation of executive demand resulted in differential activation patterns. As a result, analyses for these separate
contrasts were conducted for the remainder of the study.
3.2.2. The Framingham general cardiovascular risk proﬁle
Similar to the effects of parametric manipulation on brain activation in the group analysis, the Framingham general cardiovascular risk proﬁle was positively correlated with fMRI activity in the
contrast requiring high executive demand (IncLg > ConLg) whereas
no activation was identiﬁed with CV risk score under low executive
demand (IncSm > ConSm) (Fig. 3 and Table 4). Because this activation encompassed more than 1 anatomic region, we isolated the
left parietal region where activity was associated with CV risk in the
high executive demand contrast (IncLg > ConLg). The mean percent
signal changes in voxels in the left parietal region for each participant were extracted and plotted against the Framingham general
CV risk score, adjusting for age.
There was no signiﬁcant association between CV risk score and 4
main conditions. For 2 contrasts of interest, as shown in Fig. 4A, CV
Table 1
Demographic characteristics of the study sample
Demographic characteristics

Participants (N ¼ 60)

Age (y), mean  SD (range)
Female, N (%)
African American, N (%)
Years of education, mean  SD
MMSE, mean  SD (range)
TMT part A, mean  SD
TMT part B, mean  SD
Diabetes, N (%)
Hypertension, N (%)
Systolic BP, mmHg, mean  SD
Diastolic BP, mmHg, mean  SD
Total cholesterol, mg/dL, mean  SD
HDL, mg/dL, mean  SD
Current smoker, N (%)
BMI, mean  SD
GDS  6, N (%)
FRS Gen

64.6  3.7 (60e74)
45 (75)
56 (93.3)
13.9  2.3
28.5  1.4 (25e30)
43.4  14.2
120.3  66.3
13 (21.7)
43 (71.7)
142.1  17.8
80.9  11.1
192.1  45.2
58.1  16.9
11 (18.3)
31.3  6.4
2 (3.3)
19.7 (11.3)

Key: BMI, body-mass index; BP, blood pressure; FRS Gen, Framingham General
Cardiovascular Risk Proﬁle; GDS, geriatric depression scale; HDL, high-density
lipoprotein; MMSE, Mini-Mental State Examination; SD, standard deviation; TMT,
Trail Making Test.
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Table 2
Task performance across conditions on the ﬂanker task
Flanker condition
Control conditions
Congruent-small cue (ConSm)
Congruent-large cue (ConLg)
Inhibitory conditions
Incongruent-small cue (ConLg)
Incongruent-large cue (IncLg)

Error percentage  SD

Reaction time,
msec; mean  SD

0.02  0.03
0.03  0.05

645.4  86.8
683.0  108.7

0.04  0.06
0.10  0.16

679.8  85.9
770.1  112.6

Table 3
Cluster and peak voxel characteristics for regions that showed signiﬁcant differences
between incongruent and congruent conditions in whole-brain analysis
Contrast

# Voxels Maximum z Region

IncLg > ConLg
(High inhibitory
executive
demand)

12,895

5.23

d

4.63

d

4.47

d

4.45

d

4.21

Key: SD, standard deviation.

risk score had signiﬁcantly stronger correlation with percent signal
change in the left parietal region in the high executive demand
contrast (IncLg > ConLg) (r ¼ 0.49, p < 0.001) than in the low
executive demand contrast (IncSm > ConSm) (r ¼ 0.2, p ¼ 0.13)
(Fisher’s z ¼ 1.91, 2-tailed p ¼ 0.056). After further breakdown of
percent signal change from the contrast IncLg > ConLg, we found
that CV risk was more strongly associated with the signal change for
the IncLg condition (r ¼ 0.28, p ¼ 0.03) than ConLg condition
(r ¼ 0.15, p ¼ 0.24) (Fisher’s z ¼ 3.77, 2-tailed p < 0.001). For
behavioral performance (Fig. 4B), we also observed a similar relationship between CV risk and reaction times as the level of executive demand increased although both partial correlations were not
signiﬁcant. Furthermore, greater percent signal change in the left
parietal region was more strongly associated with poorer performance in the high executive demand contrast (IncLg > ConLg) (r ¼
0.37, p ¼ 0.004) than in the low demand contrast (IncSm > ConSm)
(r ¼ 0.07, p ¼ 0.6) (Fisher’s z ¼ 1.81, 2-tailed p ¼ 0.07) (Fig. 4C). All
Fisher’s z tests are from comparing 2 dependent correlations
measured on the same subjects (Steiger, 1980).
In secondary analyses, no individual component from the Framingham general cardiovascular diseases risk score, including age,
sex, systolic blood pressure, diabetes, smoking status, total
cholesterol, and HDL cholesterol, was signiﬁcantly associated with
whole brain fMRI contrasts of interest.
4. Discussion
Vascular risk factors often modify cognitive aging or
contribute to the development of cognitive impairment in older
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d

IncSm > ConSm
(Low inhibitory
executive
demand)

5.64

4.26

1839

3.84

1523

3.85

Right superior
occipital lobe
Right inferior
occipital lobe
Left superior
parietal lobule
Right superior
parietal lobule
Left superior
occipital lobe
Anterior cingulate
gyrus and/or
supplementary
motor cortex
Left middle
frontal gyrus
Right middle
frontal gyrus
Right inferior
occipital lobe

x

y

z

16 66 50
46 72 4
28 58 50
34 50 52
48 80 8
2

16 46

42

0 36

38

12 58

48 88

8

Peak locations are in the coordinate system of MNI (mm).
Key: ConLg, congruent large circle; ConSm, congruent small circle; IncLg, incongruent large circle; IncSm, congruent small circle; MNI, Montreal Neurological
Institute.

adults; however, the mechanisms underlying the aggregate effect of vascular risk factors are unclear. In a group of cognitively
normal, community-dwelling older adults, we used the Framingham risk score to summarize aggregate CV risk and explore
its relationship to executive function and associated brain
function. In the whole-brain correlational analysis, we found
aggregate CV risk, rather than individual CV risk factors, was
associated with hyperactivation in the left parietal region only
under conditions requiring high executive demand. By comparison, we did not ﬁnd that CV risk was associated with poorer
performance in either high or low executive demand conditions.
In other words, reaction time measures were not as sensitive as
activation in capturing these differential associations with
increasing demand.

Fig. 3. Correlation of fMRI activity with Framingham general cardiovascular risk score in IncLg versus ConLg contrast (A) axial view and (B) sagittal view. Abbreviations: ConLg,
congruent large circle; fMRI, functional magnetic resonance imaging; IncLg, incongruent large circle.
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Table 4
Cluster and peak voxel characteristics for regions that showed signiﬁcant correlation
with Framingham general cardiovascular risk score in whole-brain analysis
Contrast

# Voxels Maximum z Region

x

IncLg > ConLg

1682

3.33

48 60 12

d

3.24

d

3.22

IncSm > ConSm d

d

Left middle
temporal lobe
Left inferior parietal
lobe
Left inferior parietal
lobe (supramarginal
gyrus)
No cluster

y

z

34 66 48
56 36 44

d

d

d

Peak locations are in the coordinate system of MNI (mm).
Key: ConLg, congruent large circle; ConSm, congruent small circle; IncLg, incongruent large circle; IncSm, congruent small circle; MNI, Montreal Neurological
Institute.

Few studies have used functional neuroimaging to examine the
association between aggregate CV risk and brain function in older
adults. A recent study by Beason-Held et al. (2012) using [15O] water
positron emission tomography investigated the association between Framingham cardiovascular disease risk proﬁle and resting
state cerebral blood ﬂow changes, and found that higher baseline
CV risk scores were associated with greater longitudinal decline in
cerebral blood ﬂow in orbitofrontal, medial frontal and/or anterior
cingulate, insular, precuneus, and brain stem regions. It is difﬁcult
to compare our results to the ﬁndings, mentioned previously,
because this study was conducted in a group of mostly Caucasian
older adults with high educational levels and low prevalence of CV
risk factors, whereas our sample consisted mostly of AfricanAmerican older adults with relatively low education and a high
prevalence of CV risk. Furthermore, the increased or decreased
activation between a resting state positron emission tomography
scan and a task-related fMRI scan require different interpretations.
Another recent study by Braskie et al. (2010) using fMRI found that
during a memory task, participants with higher systolic blood
pressure and body mass index had increased activation in the
posterior cingulate cortex and parietal cortex. Our results are
somewhat consistent with this ﬁnding since both found that
increased CV risk was associated with higher activation in taskrelated brain regions. Although it is difﬁcult to compare these
results with previous studies because of differing participant
characteristics, the neuroimaging techniques and task paradigms
provide convergent evidence showing that aggregate CV risk is
associated with differences in brain function in older adults.
One important function of the parietal cortex is to control visual
attention (Colby and Goldberg, 1999; Corbetta et al., 1998;
Kanwisher and Wojciulik, 2000; Wojciulik and Kanwisher, 1999),

1401

the function that enables us to direct our attentional resources to a
subset of available information and produce top-down signals that
modulate activity elsewhere in the visual cortex (Corbetta et al.,
2000; Hopﬁnger et al., 2000; Kastner et al., 1999; Shulman et al.,
1999; Wojciulik and Kanwisher, 1999). Activation in this region
has been reported in studies of the ﬂanker task (Bunge et al., 2002;
Casey et al., 2000; Durston et al., 2003) and is proposed to be
involved in the resolution of cognitive conﬂict. The effects of CV risk
factors were consistently found on cognitive speed and executive
functions (Elias et al., 2004; Kanaya et al., 2004; Kuo et al., 2004).
Cardiovascular diseases have also been found to be most commonly
associated with deﬁcits in attention, executive functions, psychomotor speed, and information processing (Garrett et al., 2004;
Nyenhuis et al., 2004). In the present study, we found no association between aggregate CV risk and task performance in either
high- or low-executive demand conditions. However, participants
with higher CV risk elicited stronger activation of the left parietal
region under high executive demands, and this increased activation
was associated with poorer task performance. This may reﬂect
reduced, but not impaired, efﬁciency of parietal lobe functions in
resolving response competition. Dysfunction in the parietal region
has been shown in early AD in both postmortem (Braak and Braak,
1996; McKee et al., 2006) and neuroimaging (Buckner et al., 2005;
Jacobs et al., 2012b) studies. In early AD or mild cognitive impairment, fMRI studies have revealed either compensatory activation or
functional loss in this region (Bokde et al., 2008, 2010; Jacobs et al.,
2012a; Prvulovic et al., 2002; Sperling et al., 2010; Vannini et al.,
2007). The convergence of preferential activation in the parietal
lobe in both the present study and AD and mild cognitive impairment studies may suggest a neural mechanism by which CV risk
and AD pathology interact to contribute to the development of
cognitive impairment in older adults. That is, before cognitive
limitations are apparent, hyperactivation in the parietal lobe may
signal dysfunctional neural pathways that could serve as an early
marker of CV risk-related cognitive decline.
Several limitations deserve attention. First, study participants
were mostly African American women, and many had relatively low
socioeconomic status and educational levels (high school or less).
They are therefore not representative of the general population in
the US; hence, the external validity of our results is restricted.
However, because this sample represents a high-risk group
amenable to a health promotion intervention, understanding the
mechanisms and effects of CV risk on cognition and brain function
in this group provides a critical opportunity to evaluate risk
modiﬁcation. Second, the present study is cross-sectional in nature,
such that the causal relationship between CV risk and functional
brain changes cannot be determined. Continued follow-up of this

Fig. 4. Correlation of the Framingham general cardiovascular risk with (A) fMRI percent signal change, (B) RT differences, adjusting for age, in the left parietal region in IncLg versus
ConLg and IncSm versus ConSm contrast (C) correlation between percent signal changes in the left parietal region and RT differences in IncLg versus ConLg and IncSm versus ConSm
contrast. Abbreviations: ConLg, congruent large circle; ConSm, congruent small circle; fMRI, functional magnetic resonance imaging; IncLg, incongruent large circle; ConLg,
congruent large circle.
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sample will help further elucidate the neural mechanisms underlying the association between CV risk and brain function and how
an activity intervention may modify this relationship. Third, some
structural brain changes, such as white matter hyperintensities,
have been shown to be associated with CV risk factors (Dufouil
et al., 2001; Gottesman et al., 2010; van Harten et al., 2006),
which was not assessed in the present study. These structural or
morphologic effects of CV risk could be mediating the functional
differences that we report here and future studies (with larger
sample sizes) could more reliably test mediating pathways. Fourth,
the BOLD response measured by fMRI is inherently linked to the
vascular system. Since we examined the associations between CV
risk and BOLD signals, participants with high CV risk may be more
likely to have vasculature abnormality and as a result, the activation
in the left parietal region might be related to the dysfunctional
vascular system that the BOLD response is dependent upon. It is
difﬁcult to prove or disprove this possibility without measuring
BOLD signals and functioning of vascular system, simultaneously.
However, we have found that CV risk was not associated with the
BOLD response in any of the baseline conditions (e.g., IncLg >
ﬁxation)eespecially in the left parietal region. This ﬁnding provides
partial evidence that the activation we observed is less likely to be
associated with a dysfunctional vascular system because of high CV
risk, but rather related to the neural processing of the parietal region under high cognitive demands.
In summary, cognitively intact older adults with higher CV risk
showed increased activation in the left parietal region in a task that
varied the level of executive demand. Activation increased as executive demand increased, but this was correlated with poorer
performance, suggesting inefﬁciency in these regions supporting
visual attention. These results provide evidence for a neural
mechanism to explain how aggregate CV risk modiﬁes cognitive
aging and contributes to the development of cognitive impairment
in older adults.
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