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Abstract
We examined the health of a control group (18–81 years) in our aging study, which is similar to
control groups used in other neuroimaging studies. The current study was motivated by our
previous results showing that one third of the elder control group had moderate to severe white
matter hyperintensities and/or cortical volume loss which correlated with poor performance on
memory tasks. Therefore, we predicted that cardiovascular risk factors (e.g., hypertension, high
cholesterol) within the control group would account for significant variance on working memory
task performance. Fifty-five participants completed 4 verbal and spatial working memory tasks,
neuropsychological exams, diffusion tensor imaging (DTI), and blood tests to assess vascular risk.
In addition to using a repeated measures ANOVA design, a cluster analysis was applied to the
vascular risk measures as a data reduction step to characterize relationships between conjoint risk
factors. The cluster groupings were used to predict working memory performance. The results
show that higher levels of systolic blood pressure were associated with: 1) poor spatial working
memory accuracy; and 2) lower fractional anisotropy (FA) values in multiple brain regions. In
contrast, higher levels of total cholesterol corresponded with increased accuracy in verbal working
memory. An association between lower FA values and higher cholesterol levels were identified in
different brain regions from those associated with systolic blood pressure. The conjoint risk
analysis revealed that Risk Cluster Group 3 (the group with the greatest number of risk factors)
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displayed: 1) the poorest performance on the spatial working memory tasks; 2) the longest
reaction times across both spatial and verbal memory tasks; and 3) the lowest FA values across
widespread brain regions. Our results confirm that a considerable range of vascular risk factors are
present in a typical control group, even in younger individuals, which have robust effects on brain
anatomy and function. These results present a new challenge to neuroimaging studies both for
defining a cohort from which to characterize `normative' brain circuitry and for establishing a
control group to compare with other clinical populations.
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Introduction
In our previous study of age-related memory decline, we found that approximately one third
of the radiology reports for our normal control group (64–83 years of age) indicated
moderate to severe: 1) white matter hyperintensities (WMHs) consistent with chronic
microvascular ischemic change and/or 2) cerebral volume loss (Aine et al., 2010). The group
with white matter changes performed worse on word recognition tasks than those revealing
volume loss. The WMH finding is consistent with reports indicating that 12–94% of MRIs
obtained from elderly participants show white matter changes (de Leeuw et al., 2001;
Debette and Markus, 2010; Schmidt et al., 1999; Wen and Sachdev, 2004); most of these
reports suggest 75% or more of the MRIs reveal WMHs (Manolio et al., 1994). Prevalence
of WMHs varies widely across studies depending on age, health of the group examined,
severity of WMHs, as well as location and extent of WMHs. A recent study conducted on
middle-aged participants (44–48 years) found a 50.9% occurrence of WMHs (Wen et al.,
2009).

In general, normal aging is viewed as a process that affects both gray and white matter with
an anterior-to-posterior gradient (i.e., prefrontal change occurs first) (Delano-Wood et al.,
2012; Head et al., 2005). Therefore, working memory and executive control processes,
supported by prefrontal regions, are among the first to decline with age [e.g., (Moscovitch
and Winocur, 1995; Tisserand and Jolles, 2003; West, 1996)]. Unfortunately, results from
neuroimaging studies examining age-related memory decline have been quite variable in
terms of brain activation levels (both under-activation or over-activation in elderly have
been reported) [e.g., (Grady and Craik, 2000)] and for task performance (worse performance
in elderly or no differences have been reported) [e.g., (Aine et al., 2011; Aine et al., 2006;
Daselaar et al., 2003)]. Therefore, our goal is to begin to characterize sources of variability
in a control group that are usually left uncontrolled.

WMHs, associated with vascular risk factors such as hypertension and type 2 diabetes, as
well as cognitive decline, also progress with an anterior-to-posterior gradient (Artero et al.,
2004; Burgmans et al., 2010; DeCarli et al., 1999; Gunning-Dixon and Raz, 2000;
Jeerakathil et al., 2004; Kuo and Lipsitz, 2004; Nordahl et al., 2006; Pantoni et al., 2007;
Schmidt et al., 2004). For example, a meta-analysis conducted by Gunning-Dixon and Raz
(2000), along with other studies (Oosterman et al., 2004; Tullberg et al., 2004), have shown
that WMHs are more abundant in frontal regions and are associated with frontal
hypometabolism (rCMRglc), prolonged processing times and executive dysfunction. This
vascular-related cognitive decline is believed to be due to demyelination or axonal
degeneration (Jacobs et al., 2013) in regions connecting frontal cortex and subcortical
structures (Kuo and Lipsitz, 2004). Therefore, it was postulated that vascular risk factors
underlie at least some of the frontal lobe deficits seen in aging (Aine et al., 2010; Aine et al.,
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2011). A similar conclusion was reached by Kennedy and Raz (2009) who suggested that: 1)
elevated arterial pulse pressure is linked to deterioration of white matter tract integrity in
frontal regions and 2) vascular risk may drive the expansion of white matter damage from
anterior to posterior regions. In sum, vascular risk factors appear to accelerate age-related
decline in brain perfusion which affects cognitive outcomes (Novak and Hajjar, 2010) and
the comorbid presence of two or more vascular risk factors can increase the probability of
cognitive decline (de la Torre, 2012; Luchsinger et al., 2005).

Here we examine a control group (18–81 years of age) using spatial and verbal working
memory tasks, along with measures of vascular risk (e.g., lipid panel, blood pressure
measurements), neuropsychological, and neuroimaging measures to characterize their
health. This group will be used by us later for comparisons with specific clinical
populations. We predicted that health profiles indicative of metabolic syndrome (e.g.,
hypertension, hyperlipidemia and hyperglycemia) will explain more of the variance on
working memory performance than age alone since these vascular risk factors have been
independently associated with cognitive decline (e.g., poor executive control and working
memory performance) (Awad et al., 2004; Elias et al., 2004; Helzner et al., 2009; Qiu et al.,
2005).

Hypertension, Visuospatial Skills and Spatial Memory
Although considerable data is available concerning the negative effects of hypertension on
cognition [see review by (Birns and Kalra, 2009)], very few studies have examined whether
hypertension selectively affects spatial working memory or if it produces global memory
impairment. Elias and colleagues (2004) found that hypertension affected visualization and
fluid abilities in particular, compared to verbal skills. This longitudinal study showed that
higher levels of systolic or diastolic blood pressure in both young (18–46 years) and older
participants (47–83 years) were associated with a significant decline in performance on
block design, object assembly, picture completion and arrangement tasks. Similarly,
Waldstein and colleagues (2005) found that elders with high systolic blood pressure
performed more poorly on the Benton Visual Retention Test. Jennings and colleagues
(2006) showed, using positron emission tomography, that hypertensive patients revealed the
poorest performance on spatial, compared to verbal memory tasks when using a Sternberg-
type task. The above-mentioned studies, in addition to our preliminary data (Aine et al.,
2011), led us to hypothesize that hypertension will have a selective negative effect on spatial
working memory tasks.

Cholesterol, Verbal Skills and Verbal Memory
In contrast to the negative association seen between hypertension and visuospatial skills or
spatial memory, we predict a positive association between verbal working memory
performance and cholesterol levels (total cholesterol or TC and low-density lipoprotein or
LDL) in our control group. There are very few studies examining this particular relationship.
One large study from the Framingham Heart Study found a positive linear association
between TC measures and measures of verbal fluency, attention/concentration, and abstract
reasoning (Elias et al., 2005). Another study that examined cholesterol levels and cognition
in schizophrenia found that higher TC levels were associated with better verbal memory
performance across medication groups (Krakowski and Czobor, 2011). Finally, in a
population-based cohort of middle-age women, better immediate recall of a word list was
positively associated with higher TC and LDL measurements acquired three years earlier
(Henderson et al., 2003).

The physiological connection between verbal memory and cholesterol levels is less
straightforward than for hypertension and spatial memory. However, brain cholesterol is the
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main constituent of white matter tracts (Mathew et al., 2011; Uranga and Keller, 2010); 70%
of total brain cholesterol is found in the myelin membranes of white matter. Although the
exact relationship between plasma cholesterol and brain cholesterol is unknown at this time,
considerable indirect evidence suggests that such a relationship exists. It has been shown, for
example, that the concentration of sterol circulating in lipoproteins varies markedly during
periods of development when brain size, degree of myelination, and brain cholesterol
content are also rapidly changing (Dietschy and Turley, 2004). Numerous linkages between
white matter structure and verbal function have also been made in developmental studies
examining white matter maturation and language development (Fuster, 2003; Nagy et al.,
2004; Paus et al., 1999; Peters et al., 2012; Tamnes et al., 2010).

In sum, the overall goal is to demonstrate that vascular risk factors (e.g., high blood
pressure, high blood glucose levels), often inadequately documented in aging studies and
neuroimaging studies using a control group, contribute to `age-related' decline. These factors
must be separated out in order to characterize true age-related effects. Our predictions
suggest that vascular pathology in particular contributes most to age-related cognitive
decline, which we refer to as `normal aging.' In contrast, a smaller proportion of the elderly
population suffers less from vascular-related pathology and correspondingly shows fewer
signs of cognitive decline; this group demonstrates `healthy successful aging' (Aine et al.,
2011).

To examine effects of vascular risk factors on memory and cognition a cluster analysis was
used across age to parse out the vascular risk factors associated with poorer performance,
while adjusting for age. The cluster analysis was used as a data reduction technique that
permits an evaluation of the joint effects of multiple vascular risk factors. The Framingham
Risk Score has also been used to examine conjoint effects of risk factors, which may have
subclinical effects if examined separately (Joosten et al., 2013). Although, a cluster analysis
approach is in sharp contrast with traditional methods of examining differences between age
groups, it does provide a novel view of age- and vascular-related effects on task
performance. And finally, we manipulate verbal and spatial memory using stimuli that are
identical, similar to a study by Jennings and colleagues (2006), and predict an inverse
relationship between hypertension and spatial memory performance and a positive
relationship between total cholesterol and verbal memory performance. Although our focus
is on normal aging, these results are relevant to all studies using a control group for
comparison to disease states or for studies examining normal brain function and structure.

Materials and methods
Participants and Inclusion/Exclusion Criteria

Fifty-five participants (18–81 years) were recruited into three age groups (18–25, 35–45,
and ≥ 65 years). Twenty-seven of these participants were male; three young participants and
one elder participant were left-handed. Gender representation within each age range was
balanced (47% males in the young group; 50% males in the middle age group; and 61%
males in the elder group). All participants completed 4 modified Sternberg (working
memory) tasks while 53 completed neuropsychological tests to determine general levels of
cognitive functioning. The neuropsychological tests administered included the Wechsler
Adult Intelligence Scale-IV (WAIS IV), Mini-mental Status Exam (MMSE), California
Verbal Learning Test (CVLT), and Rey-Osterreith Complex Figure Test (REY). All
participants also underwent a quantitative neurological examination.

Exclusion criteria included history of coronary heart disease, peripheral vascular disease,
angina pectoris or cerebrovascular disease. In addition, potential participants were excluded
if they showed evidence of: 1) significant chronic neurological disease (e.g., Parkinson's
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disease, seizure disorder); 2) neuropsychiatric illness (e.g., schizophrenia); 3) severe medical
illness (e.g., chronic obstructive pulmonary disease, severe congestive heart failure, liver
disease); 4) major depression or any other major DSM-IV axis I disorder, including alcohol
and substance abuse within one year of recruitment; and 5) mild cognitive impairment or
probable Alzheimer's disease.

The goal was to include elders that were for the most part healthy; therefore, individuals
with hypertension or type 2 diabetes were not excluded since they have often been included
in studies of aging that rely on self-report. Our approach was to document and quantify the
vascular risk of each participant. All measures related to vascular health were obtained by a
nurse at the University of New Mexico Clinical and Translational Science Center (CTSC).
Since all participants fasted for 12 hours, blood tests and blood pressure measurements were
acquired between the hours of 8–10 AM. Only one young male participant elected to have it
done in the afternoon. Two seated blood pressure readings (10 minutes apart) were
averaged. After blood pressure measurements were obtained, glycated hemoglobin A1C
(average blood glucose concentration) and a lipid panel (triglycerides, high density
lipoprotein or HDL, LDL, and TC) were collected. See Participant characteristics in Table 1.

In the resultant group of participants, two in the middle-age range (35–45 years) reported
that they were previously diagnosed as being hypertensive while seven elderly reported
being hypertensive. Of the seven hypertensive elderly, two also had been diagnosed with
type 2 diabetes. The medicine lists of all participants were reviewed prior to study to help
assure that we did not enroll any participants taking psychoactive or other drugs that could
affect their cognitive functions (e.g., opioid and seizure medications).

MRI/Diffusion Tensor Imaging (DTI) Data Acquisition and Analysis
The Siemens 3T Tim Trio was used for all T1 structural and T2 scans (MPRAGE, Turbo
Spin Echo, FLAIR, and DTI). T1-weighted MPRAGE sequence: 1.0 mm sagittal slices, 7°
Flip angle, TR=2530 ms, TE1=1.64 ms, TE2=3.5 ms, TE3=5.36 ms, TE4=7.22 ms,
TE5=9.08 ms, FOV was 256 × 256, 6 minutes. T2-weighted Turbo Spin Echo (TSE)
sequence: 1.5 mm axial slices, 155° Flip angle, TR=13500 ms, TE1=77 ms, FOV was 220 ×
220 with 1.5 mm slice thickness, acquisition time of ~3 minutes. T2-weighted FLAIR
sequence: 1.5 mm sagittal slices, TR=6000 ms, TE=412 ms, FOV was 256 × 256,
acquisition time of ~5 minutes.

Total number of WMHs and their total volumes were determined from FLAIR MR images
using semi-automated JIM software (Xinapse Systems: http://www.xinapse.com/home.php).
WMHs were identified based on the intensity contrast of the lesion edges and the
surrounding tissue. Lesions were manually outlined in each FLAIR axial slice, by a single
investigator, unaware of participants' clinical data, to provide total hemispheric volumes
(See Figure 1). These measures (numbers of lesions and total volumes) were considered as
independent measures of vascular risk, along with the lipid panel and blood pressure results
(described below). To determine the reliability of the manual volume measures, we
randomly selected MRIs from 10 participants (determined using a random number
generator) and asked a different investigator, also unaware of clinical details, to analyze the
MRI data from these participants using Jim software. For inter-rater reliability, there was no
bias (difference in median) in number of WMHs or total volumes between the two raters
(Wilcoxon Signed Rank, both p > 0.46). The intraclass correlations (ICC) between raters
[considered as random, ICC (2,1) in Shrout and Fleiss (1979)] were 0.81 for the numbers of
WMHs and 0.97 for total volume (for log transformed total areas, ICC=.71).

The DTI sequence had 60 directions, b=800 s/mm2 and 10 measurements of b=0, for 12
minutes of acquisition time. The b=0 measurements were interleaved after every six non-
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zero b-value measurements. DTI was obtained in the axial direction along the AC-PC line.
The FOV was 256 × 256 mm with a 2 mm slice thickness, 72 slices, 128 × 128 matrix size,
voxel size = 2 mm × 2 mm × 2 mm, TE=84ms, TR=9000ms, NEX=1, partial Fourier
encoding of 3/4, and with a GRAPPA acceleration factor of 2.

Tract-based spatial statistics (TBSS) was used for the analysis (Smith et al., 2006). The
analysis was based on the FSL software package. DTI preprocessing consisted of the
following steps: 1) gradient directions with more than 10% signal dropouts caused by
subject motion were not included in further analysis; 2) motion and eddy current correction
(FSL); and 3) correction of gradient directions for any image rotation done during the
previous motion correction step. Scalar diffusion parameters such as fractional anisotropy
(FA), radial diffusivity (RD) and axial diffusivity (AD) were calculated using dtifit (FSL).
The FA image was aligned to a FA template (normalized to the Montreal Neurological
Institute brain atlas space) with a nonlinear registration algorithm, FNIRT (FMRIB's
Nonlinear Image Registration Tool; FSL). A mean FA image was calculated from the set of
spatially normalized images. The TBSS algorithm was applied to the mean FA image to
calculate a mean white matter tract skeleton. The FA data of each subject was then projected
onto this mean skeleton to obtain a skeletonized image corresponding to each subject.

To examine pathology related effects, mean FA values were calculated from the FA skeleton
for the 50 white matter regions defined in the JHU-ICBM 50 region white-matter atlas
included in the FSL software package (Mori et al., 2008). The physiological variables were
then correlated with the mean FA for each of the 50 regions and the significance was
corrected for multiple comparisons (family-wise error rate or FWER).

Spatial/Verbal Working Memory Tasks
Four modified Sternberg tasks (2 spatial and 2 verbal) were used to test working memory
performance (Figure 2). Either enhancers were presented in the delay interval of verbal and
spatial tasks (VE and SE) or distracters were presented in the delay interval of verbal and
spatial tasks (VD and SD). Enhancers contained items that were the same as the to-be-
remembered digits or locations of digits while distracters contained items that were different
from the to-be-remembered items. The verbal and spatial tasks were blocked and
counterbalanced across sessions. Stimuli subtended 4° visual angle in the central visual
field. All conditions had two memory set items. Participants were to respond “yes” (right
index finger) or “no” (left index finger) if the last display (probe) contained one of the to-be-
remembered items (either the red digits themselves or the locations of the red digits). Some
of the digits within the matrices were presented backwards to avoid the use of 2-digit
numerals. However, the digits to be remembered were always presented normally. The
larger grid size was used (16-cell arrays) to discourage participants from using a verbal
strategy for remembering locations (e.g., “upper left corner,” “2 o'clock”). Total number of
trials for each condition was 120 (e.g., 120 trials of “yes” it matched and 120 trials of “no” it
didn't match). Only the “yes” trials were used for the present study. The spatial and verbal
tasks took approximately 35 minutes each to complete, which included 3 short rest-breaks.

Statistics for Behavioral Tasks and Vascular Risk Measures
Age-correction was considered as a pre-processing step. Since age had a statistically
significant effect on Total Correct and Reaction Time (RT) (our primary outcome
measures), age was adjusted by using a regression model in order to add this residual to the
predicted value at age=40. Age 40 is the midpoint of the age range of the middle-age
recruitment group; the sample mean was 37 ± 21 (SD). The net result of this operation is the
following formula. For y = Total Correct or RT,
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Corrected y = observed y + m (40-age), where m is the regression slope.

To examine the interrelationship of risk factors on verbal and spatial task outcomes, an
overall MANOVA with task (verbal enhancer, verbal distracter, spatial enhancer, and spatial
distracter) as a repeated factor and with systolic blood pressure (BP) and TC (to address our
specific hypotheses) as well as other independent risk measures (see list below) as
covariates, was conducted. If the overall MANOVA showed significant interactions of task
× risk factors on outcome, RM ANOVA analyses were conducted separately for the
significant risk factors.

Then we combined the vascular risk factors into a smaller set of “risk clusters” as a data
reduction step in order to examine the combined effects of risk factors (e.g., metabolic
syndrome), on task performance, where individuals may show elevations for more than one
risk factor. Risk cluster groups were formed using average linkage, cluster analysis with
Euclidean distances (SAS 9.3). Then a RM ANOVA was conducted with the 4 tasks as a
repeated factor and Risk Clusters as a grouping factor. To determine which independent risk
factors of the Risk Cluster might explain the effect on task outcomes, the independent risk
measures (systolic blood pressure, diastolic blood pressure, A1C, triglycerides, TC, HDL,
LDL, number of WMHs, and total volume of WMHs) were added to the model above. This
will show whether an individual risk factor is: 1) not important; 2) mediated by the Risk
Cluster factor; or 3) an independent “predictor” of task outcomes. All statistics were
conducted by a biostatistician using SAS (http://www.sas.com, Cary, NC).

Results
Vascular Risk Factors and Memory Performance

MANOVA showed a significant overall effect of systolic BP (F4,46=2.77, p=.04) and TC
(F4,46=3.15, p=.02) with Task × Systolic BP and Task × TC interactions. Per plan, we
provided separate analyses for systolic BP and TC since it was predicted that Systolic BP
would have a negative effect on spatial working memory performance and that TC would
have a positive effect on verbal working memory performance. Figure 3A shows results for
age-adjusted task performance [RM ANCOVA with age-adjusted: Systolic BP × Task
Interaction, F3,150 =7.16, p<.001]; Systolic BP was associated with poorer accuracy on the
spatial working memory tasks, particularly for the spatial distracter task (SD). In contrast, a
positive relationship was found between TC and accuracy on verbal working memory tasks
[RM ANCOVA with age-adjusted: TC × Task Interaction, F3,153 =4.0, p=0.009]. Accuracy
relative to TC results is plotted in Figure 3B where task performance was age-adjusted. RT
measures were not significantly different.

In order to examine combined effects of the vascular risk factors on performance,
independent of age, risk cluster groups were formed based on the risk factors (Figure 4A).
This seemed especially important since some individuals who did not report a history of
hypertension, were “hypertensive” when examining their health status (e.g., measured blood
pressure levels), while others had previously unknown high blood glucose levels (A1C
>6.0). Intuitive predictions based on Fig. 4A would suggest that: 1) Risk Cluster group 3
(RClus3: green lines) should perform worse on the spatial tasks given the presence of
WMHs on their MRIs; and 2) Risk Cluster group 1 (RClus1: blue lines) may perform best
overall since they have lower levels of blood pressure, triglycerides, cholesterol, and fewer
WMHs. In fact, all members of this cluster group had TC values in the “desirable” range,
according to the National Cholesterol Education Program (NCEP), a group who sets
guidelines for cholesterol levels (Grundy et al., 2004). However, as Figure 4B shows, while
RClus3 did perform more poorly (less accurate on the spatial tasks and longer RTs across all
tasks) than the other groups, Risk Cluster group 2 (RClus2: red lines), which shows higher
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values on TC and LDL measures, had higher accuracy scores than RClus1 for the verbal
enhancer/distracter conditions (VE and VD). These effects remained significant when
performance was age-adjusted (†). RClus1 and RClus2 did not differ on RT measures.
While RClus2 and RClus3 did not differ on TC and LDL levels (although there were more
subjects in the NCEP “high” range of TC in RClus3), RClus3 had statistically greater
number of WMHs and greater WMH volumes, in addition to higher systolic/diastolic blood
pressure and triglycerides. These results help strengthen the positive relationship shown
earlier between TC levels and verbal working memory performance (Figure 3B).

Our Risk Cluster groups were validated in part by showing that individual risk factors are
differentiated among the groups (see Fig. 4A). In addition to their “internal validity,” a
similar comparison of Total Correct and RT, factors that were not used in cluster formation,
between groups establishes “external validity.” Furthermore, we tested whether each pair of
our 3 risk clusters obtained by cluster analysis are separated using a Monte Carlo generated
null distribution of all squared distances based on the sample size and variance-covariance
structure of the cluster groups being compared: Risk Clusters 1 and 3, and 2 and 3 were
separated (p<.001); Risk Clusters 1 and 2 were not distinctly separated but formed a
continuum where the cluster analysis-derived cutscore defined groups based on high vs. low
values along the first principal component.

The important goal of establishing the effect of combined risk factors (Risk Cluster) on
verbal and spatial memory performance, was accomplished by ANOVA and is represented
in the right side of Figure 5 by solid lines (F2,44=8.67, p<.0007 for verbal and F2,44=15.13,
p<.0001 for spatial). Since our combined Risk Cluster was defined independently of verbal
and spatial performance, the single risk factors were examined for their residual effects on
verbal and spatial performance after adjusting for Risk Cluster. In the first phase of
screening for candidate risk factors for the verbal tasks, two risk factors (see top portion of
Table 2) were found that accounted for most of the variance on verbal task accuracy
(systolic blood pressure and TC). However, age was not significant after adjusting for the
risk factors in the model. Similarly, when screening for candidate risk factors for the spatial
tasks, triglycerides (TG), A1C and TC affected spatial accuracy. Again, age was not
significant. Thus, these 4 risk factors were considered in the subsequent analyses for Figure
5. We then verified that each risk factor (e.g., systolic blood pressure, triglycerides) predicts
Risk Cluster variables using a logistic regression model. As expected, the risk factors
directly to the left of the Risk Cluster box in Figure 5 are verified to be related to the Risk
Cluster (all with p ≤ 0.003). In phase 2, the resultant four risk factors (systolic blood
pressure, triglycerides, A1C, and TC) were then tested independently for their effect on the
verbal and spatial memory outcomes adjusting for Risk Cluster. When Risk Cluster was
modeled between the single risk factors and task accuracy, only systolic blood pressure was
significant for the verbal tasks while systolic blood pressure and TC were significant for the
spatial tasks (see dashed lines in Fig. 5).

In sum, Risk Cluster predicts task accuracy on the verbal tasks, but systolic blood pressure
has an independent and simultaneous effect on the verbal tasks; i.e., Risk Cluster did not
capture all the variance associated with systolic blood pressure on verbal task accuracy.
Systolic blood pressure and TC also have a strong independent effect on spatial task
accuracy. It is instructive to do the analysis without Risk Cluster in the model (phase 3), in
order to assess direct effects of single risk factors on verbal and spatial accuracy (see bottom
portion of Table 2). Only TC had a significant effect on verbal task accuracy. Systolic blood
pressure, triglycerides and A1C had a direct and independent effect on spatial task accuracy.
Greater TC levels were associated with better verbal memory accuracy while higher systolic
blood pressure, blood glucose levels, and triglycerides were associated with poorer accuracy
on the spatial memory tasks. Interestingly, when age was entered into these models
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(univariate analysis), age was significant for the spatial task only (F1,48=17.75, p<.0001).
This result suggests that systolic blood pressure, triglycerides and A1C explain the effect of
age (i.e., carries the same information as age) for the spatial task only.

Diffusion Tensor Imaging (DTI), Risk Factors and Memory Performance
We examined FA values for RClus3, relative to RClus2 and RClus1, and for the 3 risk
factors that were shown to be significant, independent of Risk Cluster, in the path analysis
shown in Figure 5 (i.e., systolic blood pressure, A1C and TC). The left column of Figure 6
shows regions where FA differed between RClus3 and RClus1/RClus2 (i.e., RClus3 <
RClus2 and RClus1), with age correction. These regions survived the FWER multiple
comparison tests (48 subjects, 50 FA regions, 3 cluster groups). The resulting FWER F-tests
and post-hoc analyses for RClus3<RClus2 & 1 are shown in the two left columns of Table 3.
The 2nd column of Figure 6, along with corresponding columns in Table 3, shows regions
where lower FA values correlated with higher systolic blood pressure (ANCOVA), with age
correction. The next set of columns in Table 3 show results for blood glucose (A1C). Since
these regions overlap with systolic blood pressure and many of the regions showing group
differences (RClus3<RClus2 &1), they are not shown in Figure 6. The 3rd column of Figure
6 shows white matter tracts where FA was negatively correlated with TC, while Table 3
shows the FWER F-tests along with the ANCOVA results for TC and FA, with age
correction. Finally, for comparison, regions showing lower FA values associated with age,
without corrections for covariates, are shown in the last two columns of Table 3. In general,
white matter regions where FA was negatively associated with systolic blood pressure and
A1C are the same, which are a subset of the regions shown for RClus3<RClus2 & 1. Some
additional regions are identified for age without correction for covariates. In contrast, white
matter regions where FA is negatively associated with TC reveal a different pattern of
regions than for RClus3<RClus2 & 1, systolic blood pressure and A1C.

Table 4 shows correlations between the FA measures and verbal and spatial performance.
Most of the FA values showed significant positive correlations with performance on the
delayed recall of the REY Complex Figure test (REY-D) and accuracy on the spatial
distracter task (SD-C). Unlike the other regions, the fornix (FX) correlated with RTs
(negative correlations) for both spatial and verbal working memory tasks, as well as
showing positive correlations with accuracy on the REY Figure (spatial memory), CVLT
(verbal memory), and the spatial distracter task (SD-C). The finding of a positive correlation
between the CVLT and FA of the crus of the fornix and stria terminalis-right hemisphere
(FX-ST-R), along with a positive correlation between TC and accuracy on verbal tasks (VE-
C and VD-C), and a negative correlation between TC and FA (regions noted in Table 3) is
not contradictory but deserves further study in the future.

Because we are interested in the relationship between plasma TC and brain myelin, we
examined the relationship between FA, RD and AD for the regions showing the largest
effect on FA associated with TC (i.e., FX-ST-L and FX-ST-R) to determine whether FA in
these regions is associated with a demyelination process or axonal damage. It has been
experimentally shown in the mouse and rat models (Janve et al., 2013; Song et al., 2005),
human autopsied tissue from prefrontal cortex of older brains (Back et al., 2011), and ex
vivo multiple sclerosis spinal cords (Klawiter et al., 2011), that a demyelinating process
rather than axonal injury leads to a decrease in FA, an increase in RD, and no change in AD.
Figure 7 shows box plots for each of the Risk Cluster groups and for FA, RD and AD. A
demyelinating process is one interpretation of the data given the diffusion pattern of results
(i.e., lower FA values, higher RD values and no difference in AD). However, one caveat
concerns the partial-volume effects of cerebrospinal fluid (CSF) contamination in voxels
near the white matter and CSF boundary (Jones and Cercignani, 2010; Metzler-Baddeley et
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al., 2012), especially in narrow white matter regions such as fornix and genu, regions where
we found significant effects. This issue is particularly important since we are comparing
results across individuals of different ages (i.e., tissue atrophy associated with normal aging)
and our Risk Cluster group 3 has more WMHs, which likely leads to more CSF
contamination (Metzler-Baddeley et al., 2012; Vernooij et al., 2008). We have not applied
partial volume corrections to these data and thus our suggestion that a demyelinating process
may be occurring, is speculative at this point in time. However, we note here that FA is not
as susceptible to partial volume effects as are other diffusion parameters (Metzler-Baddeley
et al., 2012).

Discussion
Vascular Risk Factors and Memory Performance

As predicted, when age-correction was applied, high systolic blood pressure was associated
with lower spatial working memory accuracy. The REY complex figure test, a test of spatial
memory, revealed similar results. A recent cross-sectional study by Hale and colleagues
(2011) found that performance on spatial tasks (6 spatial tasks) decreased at faster rates as a
function of age than performance on verbal tasks (6 verbal tasks) with essentially no
difference between simple versus complex tasks. Our results are consistent with their results,
however, unlike the present study, these investigators did not examine effects of risk factors
such high blood pressure on performance levels, and their participants were screened before
recruitment in order to enroll highly functioning individuals (i.e., equivalent to enrolling
those with MMSE scores in the 28–30 range).

Elias and colleagues (2004) did examine effects of hypertension on cognitive performance
across age and found that higher levels of systolic and diastolic blood pressure for both
younger and older age groups were significantly associated with lower scores in
visualization/fluid abilities. All participants enrolled in their study were cognitively normal.
However, Elias and colleagues did not examine MRI-based measures. Based on our results,
along with others, either there is a selective effect of hypertension on spatial working
memory (Coltman et al., 2011) or performance decline can be identified earlier using spatial
memory tasks (Bisiacchi et al., 2008; Hale et al., 2011; Jenkins et al., 2000; Jennings et al.,
2006; Johnson et al., 2009) or both are true. In addition, since the presence of WMHs
correlate with frontal lobe pathology initially (i.e., poor executive control and memory
performance) and then spreads into parietal regions with time (Artero et al., 2004; Kuo and
Lipsitz, 2004; Nordahl et al., 2006), hypertension may account for some of the cognitive
decline witnessed in normal aging studies.

Our results also show a positive association between age-adjusted verbal working memory
performance (accuracy) and TC level. While the NCEP provides guidelines for cholesterol
testing and management (NCEP, 2001) based on the patient's risk profile for coronary heart
disease, these guidelines do not appear to map onto levels for optimal cognitive functioning.
As mentioned previously, the Elias study (2005) found that individuals with TC levels in the
“desirable” range (< 200 mg/dL) according to the NCEP guidelines, performed less well
than those rated as “borderline-high” (200–239 mg/dL) and “high” (≥ 240 mg/dL). We also
referred to several other studies previously, showing that higher levels of plasma cholesterol
were associated with improved verbal memory performance (Henderson et al., 2003;
Krakowski and Czobor, 2011; Muldoon et al., 2000).

In order to relate our results to other studies that applied categorical splits to their cholesterol
data [e.g., (Muldoon et al., 2000)], we split our TC and LDL data about the median value to
examine memory performance differences. Muldoon and colleagues split the final LDL
values about the median level of 109 mg/dL, after statin treatment to lower LDL levels, and
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found that only those individuals in the lower half revealed cognitive decline. In the same
manner we divided the cholesterol levels into low and high groups and compared verbal and
spatial memory performance between these groups (see Table 5). Low LDL and TC levels
were associated with significantly worse accuracy on verbal working memory tasks only.
We then regrouped the LDL levels to be consistent with NCEP guidelines (<100 mg/dL is
“Optimal” while 100–130 mg/dL is “Near/Above Optimal”). Individuals in the “Optimal”
range performed more poorly than individuals in the “Near/Above Optimal” range. There
were only 5 cases in the “Borderline High-High” range so statistical significance was not
tested. However, mean performance on the verbal enhancer task for these 5 cases was 116.4
while the mean performance on the verbal distracter task was 115.0 (mean LDL=154.2 mg/
dL). In all cases, lower levels of cholesterol (TC and LDL) were associated with
significantly poorer accuracy on the two verbal working memory tasks. The spatial tasks
were not correlated with TC or LDL (as shown in Fig. 3B).

Recent studies have indicated that brain cholesterol plays an important role in synapse
formation, receptor function, myelin formation, and synaptic plasticity [e.g., (Darwish et al.,
2010)]. Therefore, some investigators are fearful that restrictions in diet cholesterol at young
ages can be deleterious for later brain development and performance (Kolata, 1985).
Similarly, some are concerned that lowering cholesterol levels through the use of statins
[24–32 million Americans are taking statins for protection against the development of
coronary heart disease (Moyer, 2010; Wehrwein, 2011)] may also impair brain structure/
function and cognition, particularly in elders (Criqui and Golomb, 2004; Panza et al., 2006;
West et al., 2008; Weverling-Rijnsburger et al., 1997). The FDA, for example, recently
updated the side effects of statins to include “cognitive (brain-related) impairment such as
memory loss, forgetfulness and confusion (http://www.fda.gov/ForConsumers/
ConsumerUpdates/ucm293330.htm).

Region FX-ST (right and left), which showed a strong negative correlation between FA and
TC in Figure 6, showed decreased FA, increased RD and no difference in AD for RClus3
compared to RClus1 and 2 in Figure 7. A possible cause of this particular pattern of effects
is that a demyelination process underlies the poorer memory performance of this group.
Other clinical studies in schizophrenia (Scheel et al., 2013), multiple sclerosis (Anderson et
al., 2011), and normal aging (Bennett et al., 2010; Inano et al., 2011) have found a similar
pattern of diffusion parameters and reached similar conclusions. However, in order to be
sure that these changes are only due to demyelination, as opposed to being an artifact due to
CSF contamination [i.e., partial volume effects (Jones and Cercignani, 2010; Metzler-
Baddeley et al., 2012)], a direct MRI measure of myelination is required. It should also be
emphasized that our cross-sectional study cannot provide information concerning the
direction of causality of observed correlations between DTI indices and risk factors.
Therefore, it is equally plausible that “weakened” white matter tracts are more susceptible to
risk factors as opposed to risk factors affecting white matter tracts. As reviewed later, the
literature suggests that region FX-ST is involved with episodic memory functions, thus
demyelination of certain white matter tracts remains as a potential mechanism underlying
verbal memory impairment associated with lower cholesterol levels.

WMHs, Risk Factors and Memory Performance
WMHs are a common finding in MR images of older individuals, which increase with age
and vascular risk (de Groot et al., 2013; de Leeuw et al., 2001; Jeerakathil et al., 2004), and
are associated with cognitive impairment (Gunning-Dixon and Raz, 2000; Kuo and Lipsitz,
2004; Nordahl et al., 2006). Some investigators suggest that WMHs could be used as a MRI
biomarker of vascular brain injury (Debette and Markus, 2010; Debette et al., 2011). Recent
MR studies using FLAIR and DTI suggest that WMHs are at the apex of white matter
alteration (i.e., at the tip of the iceberg--there is more widespread and subtle white matter
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changes surrounding the apex) (de Groot et al., 2013; Maillard et al., 2011) and that
generalized white matter integrity is a function of overall white matter load [(i.e., the greater
the load, the more generalized the white matter injury (Maillard et al., 2011)]. Our Risk
Cluster group 3 members revealed the greatest numbers and volumes of WMHs, along with
higher systolic/diastolic blood pressure, than the other two Risk Cluster Groups (see Fig.
4A). The performance of Risk Cluster group 3 on the spatial working memory tasks
(accuracy and RTs) was also worse than the other two groups. These results are consistent
with an underlying etiology of chronic ischemia and are associated with vascular risk factors
such as hypertension.

DTI, Risk Factors and Memory Performance
The DTI FA results shown in Table 3 for Risk Cluster group 3 (compared to groups 1 and
2), as well as for risk factors systolic blood pressure and A1C, all revealed lower values of
FA in the fornix (FX), genu of the corpus callosum (GCC), posterior thalamic radiation
(PTR), and sagittal stratum (SS). The genu connects medial and lateral surfaces of the
frontal lobes while the fornix provides hippocampal and parahippocampal output to the
mammillary bodies (Aggleton et al., 2005; Vann and Aggleton, 2004); it is the largest
efferent pathway from the hippocampus (Koenig et al., 2013). The fornix has been
specifically associated with episodic memory; this white matter tract connects the
hippocampal formation to prefrontal cortex (Metzler-Baddeley et al., 2011; Thomas et al.,
2011), indirectly (Poletti and Creswell, 1977). The basal forebrain, which receives
projections via the septum, along with the inferior and medial portion of prefrontal cortex
(gyrus rectus), has also been associated with episodic memory (Butler et al., 2012; Elderkin-
Thompson et al., 2009; Fujii et al., 2002; Phillips et al., 1987). Furthermore, the basal
forebrain was the focus of many experimental animal models of Alzheimer's disease (i.e.,
the cholinergic hypothesis of memory dysfunction) (Voytko, 1996).

The posterior thalamic radiation is a projection fiber tract from the thalamus to occipital and
parietal lobes. The sagittal stratum (including the inferior longitudinal fasciculus and inferior
fronto-occipital fasciculus) connects the occipital lobe to the rest of the brain (Jellison et al.,
2004) and FA within this tract has been shown to be negatively affected by increasing
systolic blood pressure (Kennedy and Raz, 2009; Salat et al., 2012). Collectively, these
frontal, limbic and posterior tracts support memory functions. The anterior cingulum has
been associated with both verbal and visual spatial memory (Kantarci et al., 2011; Mielke et
al., 2009) as well as the fornix (Mielke et al., 2009; Palacios et al., 2011). The cingulum and
fornix are major components of the Papez circuit (Abdul-Rahman et al., 2011; Hong et al.,
2012; Shah et al., 2012), a circuit known for the formation of new memories (episodic).
Damage to this circuit results in anterograde amnesia (Thomas et al., 2011). Several recent
studies suggest that a reduction in FA or increase in mean diffusivity of the fornix correlates
with and can longitudinally predict memory decline and progression to Alzheimer's disease
(Mielke et al., 2012; Sexton et al., 2010). Others have noted lower values of FA in the
sagittal stratum in Alzheimer's disease (Qiu et al., 2010). Studies of memory function in
traumatic brain injury and multiple sclerosis also note lower values of FA in the sagittal
stratum (Kraus et al., 2007; Yu et al., 2012).

High systolic blood pressure and A1C, indicators of hypertension or type 2 diabetes,
respectively, are both associated with lower FA values in the same regions. There is
considerable evidence now that elevated systolic blood pressure in midlife increases risk of
developing clinically manifested dementia in old age (Freitag et al., 2006; Kivipelto et al.,
2001) and that high normal blood pressure in non-demented adults also has a negative effect
on cognition (Kennedy and Raz, 2009; Knecht et al., 2009; Knecht et al., 2008). The Risk
Cluster group 3 has combined risk factors that resemble metabolic syndrome and, not
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surprisingly, show more extensively affected white matter regions than for systolic blood
pressure and A1C measures alone (i.e., anterior corona radiata and the splenium of the
corpus callosum are affected as well). A clinical diagnosis of metabolic syndrome is made
when 3 of the following 5 indicators are present: 1) obesity determined by waist
circumference; 2) high blood pressure; 3) elevated triglycerides; 4) low HDL and 5)
impaired fasting glucose (Grundy, 2001). Therefore, it is quite likely that some members of
Risk Cluster group 3 have metabolic syndrome.

Interestingly, in one study, patients with mild cognitive impairment had increased mean
diffusivity in the genu and splenium of the corpus callosum, as well as in the anterior corona
radiata (Thillainadesan et al., 2012), three of the regions identified in Risk Cluster group 3.
The anterior corona radiata connects prefrontal regions with the basal ganglia and spinal
cord. However, Head et al. (2005) and Delano-Wood et al. (2012) found anterior-posterior
differences in volume and FA (e.g., anterior cingulate and genu versus posterior cingulate
and splenium) between non-demented elderly and those with mild cognitive impairment or
dementia; age was associated with lower FA values in anterior regions while mild cognitive
impairment and Alzheimer's disease were associated with lower FA values in posterior
regions. The genu of the corpus callosum and splenium of the corpus callosum together, and
related cortical regions (anterior cingulate and posterior cingulate), are often tagged as a
network mediating memory functions (Burgess et al., 2000; Kraus et al., 2007; Torta and
Cauda, 2011) and have more recently become associated with the default mode network
(Raichle and Snyder, 2007). FA in the posterior cingulum is correlated with hippocampal
volume and tests of verbal memory (Delano-Wood et al., 2012). Many of the regions
associated with the Risk Cluster group 3 were also associated with “age.” These results
suggest that single risk factors or their combination (e.g., metabolic syndrome) may be
contributing to memory decline seen in aging, mild cognitive impairment and Alzheimer's
disease.

A different group of regions was negatively associated with TC. These regions include
bilateral superior longitudinal fasciculus (SLF), bilateral cingulum/cingulate gyrus, and
bilateral FX-ST (the crus of the fornix and stria terminalis). The SLF is a major tract that
connects regions of the temporal (posterior and superior) and parietal lobes with prefrontal
cortex (Croxson et al., 2005). This tract has been divided into subcomponents in both
nonhuman primates and humans (Catani et al., 2005; Makris et al., 2005; Petrides and
Pandya, 1984). The arcuate fasciculus, the pathway connecting Broca's and Wernicke's
language areas, is part of the SLF (Catani et al., 2005; Hua et al., 2009; Makris et al., 2005).
In addition, anterior and posterior segments of an indirect path connecting language regions,
including the angular gyrus, have been documented using DTI. Some investigators link this
network and verbal working memory to the articulatory loop (Duffau, 2012; Martino et al.,
2013), consistent with notions put forth by Baddeley (2003). For example, electrical
stimulation of the left supramarginal gyrus (cortical region) or the posterior part of the
lateral portion of the SLF (white matter tract) causes speech production disorders (Duffau,
2012).

Several DTI studies have associated portions of the SLF with verbal processing and verbal
memory (Gold et al., 2007; Peters et al., 2012). For example, Karlsgodt and colleagues
(2008) found a positive correlation between performance on a Sternberg verbal working
memory task and FA in the SLF. Similarly, Peters and colleagues (2012) show significant
bilateral increases in FA in the SLF with development, which correlated positively with
verbal working memory performance. The cingulum/cingulate gyrus, which also showed
lower FA values associated with TC, courses within the cingulate gyrus and arches around
the corpus callosum and extends into the parahippocampal gyrus. It follows along the
ventral surface of the hippocampus while FX-ST-R (composed of both fornix and stria
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terminalis fibers) project along the dorsal side of the hippocampus (Wakana et al., 2004).
Collectively, these regions comprise part of the limbic system and interconnect portions of
the frontal, parietal and temporal lobes (Jellison et al., 2004). The cingulum/cingulate gyrus
has also been implicated in the verbal working memory circuit described above (Charlton et
al., 2010; Sepulcre et al., 2009).

In sum, the DTI regions revealing lower FA values for our different risk factors have all
been implicated in memory functions by others. Differences noted between FA regions
associated with systolic blood pressure/A1C measures and the TC measure correspond to a
larger anterior-posterior circuit versus one affecting more medial temporal-lateral parietal
regions (e.g., temporo-parietal junction), respectively. Others have found that a pattern of
lower FA values in frontal regions, typically associated with aging, is also associated with
high blood pressure (Delano-Wood et al., 2012; Kennedy and Raz, 2009; Salat et al., 2012).
Kennedy and Raz (2009) suggest that vascular risk drives white matter deterioration, even in
normotensive individuals, in an anterior-posterior direction. Significant deterioration in
posterior regions (i.e., splenium of the corpus callosum) are typically associated with mild
cognitive impairment and Alzheimer's disease (Head et al., 2005) and FA of the posterior
cingulum has been associated with verbal memory performance (Delano-Wood et al., 2012).
Consistent with these results, we suggest that TC may have a selective effect on verbal
memory while systolic blood pressure and A1C may have a selective effect on spatial
working memory. Individuals diagnosed as having metabolic syndrome (e.g., some Risk
Cluster group 3 members) are likely to suffer from a combination of verbal and spatial
working memory deficits. Why TC correlated negatively with FA but positively with
performance on verbal working memory tasks, remains unclear. Further studies need to be
conducted in order to sort out these complex relationships.

Conclusions
Taken together, our results indicate: 1) participants with high blood pressure and high blood
glucose levels perform more poorly on spatial working memory tasks than age-equivalent
counterparts across the age spectrum; 2) there is a positive correlation between performance
on verbal working memory tasks and levels of TC even when performance is age-adjusted;
3) when groups were formed based on low versus high levels of TC or LDL, low cholesterol
levels correlated with significantly poorer verbal working memory accuracy; 4) systolic
blood pressure and A1C individually show associations with lower FA values in similar
regions which are a subset of the regions showing low FA values for Risk Cluster group 3;
5) lower FA values associated with TC are anatomically distinct from regions showing
lower FA values associated with systolic blood pressure, A1C and for Risk Cluster group 3
(relative to groups 1 and 2); and 6) our DTI results complement other DTI studies in
outlining regions that may underlie verbal and spatial working memory.

These results are encouraging since blood pressure, A1C values, cholesterol levels, and
triglycerides are generally modifiable through life-style changes (e.g., diet and exercise). A
recent study by Unverzagt and colleagues (2011) also found that systolic blood pressure, in a
group that was stroke free, was linearly related to rate of incident cognitive decline. These
authors suggest that the vascular risk factors measured by the Framingham Stroke Risk
Profile and elevated blood pressure may provide a simple means for identifying individuals
at risk for future cognitive decline. Generally, the relationship between cardiovascular
fitness and brain health has not been well-studied or widely disseminated to the general
public. Many recent studies have shown how physical exercise not only has a
neuroprotective effect on brain health but is also associated with increases in gray matter
and white matter volumes (Colcombe et al., 2006) and white matter tract integrity [see
recent meta-analysis in (Ahlskog et al., 2011)]. Rowe and Kahn (1987) emphasized over
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twenty years ago that effects of the aging process itself have been exaggerated, while the
modifying effects of external factors such as exercise and diet have been underestimated.
Similarly, Burke and Barnes (2006) refer to the “myth of brain ageing” as a misconception
that dramatic cell loss and morphological changes in neurons occur in normal aging. Indeed,
many healthy elderly in our study performed as well as or better than our younger
participants. However, the healthy elderly reflecting `healthy successful aging' on one end of
the continuum, do not appear to represent the majority of elderly. Instead, elderly with a
subset of vascular risk factors appear to better reflect `normal aging,' the middle ground of
the continuum. We suggest, therefore, that vascular risk factors confound or help to mask
the true effects associated with age-related, cognitive decline (i.e., assuming healthy
successful aging).

A finding of great interest and worthy of future study is the positive association between TC/
LDL and verbal working memory accuracy. Several population-based studies have already
shown that low cholesterol levels (TC and LDL) in late life are associated with poor memory
performance, earlier onset of dementia, and higher probability of death from non-
cardiovascular diseases (Anstey et al., 2008; Frisardi et al., 2010; West et al., 2008). There is
some evidence suggesting that elevated TC in old age is protective (Weverling-Rijnsburger
et al., 1997). This is plausible since total serum cholesterol decreases as a risk factor for
cardiovascular disease with age and the influence of genetic factors on serum TC and
triglycerides reduces with age as well (Heller et al., 1993). Although there is not much
information in the literature on the positive association between levels of plasma cholesterol
and verbal memory performance, this area should be examined more carefully given the
large number of statin users hoping to lower their cholesterol levels as much as possible.

And finally, these results emphasize the important influence of vascular risk factors on
memory performance and neuroimaging measures of function and structure. As this study
shows, there is considerable variability among constituents of a typical control group
regarding their health and many had subclinical or undiagnosed hypertension,
hypercholesterolemia, diabetes, and metabolic syndrome, even in younger and middle-aged
groups. While all investigators apply inclusion/exclusion criteria for their respective studies,
self-report from study participants is never fool-proof. Neuroimaging capabilities have come
a long way in terms of their sensitivity to detect small differences between control groups
and clinical populations. One goal here was to highlight this sensitivity by demonstrating
tremendous individual variation within a single control group. Perhaps it is time to control
for additional variance imposed by health status that is extraneous to the study, to reap the
full benefit of our powerful neuroimaging tools.
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Highlights

• Vascular risk factors of our control group (n=55, age 18–81) were examined

• High blood pressure correlated negatively with spatial memory accuracy

• Total cholesterol correlated positively with verbal memory accuracy

• High blood pressure and total cholesterol correlated negatively with DTI
measures

• Vascular risk factors account for memory decline more than age alone
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Fig. 1.
WMHs Identified on FLAIR Axial Slices. Numbers and volumes of WMHs were calculated
using JIM software. ROIs (see white arrows) highlight WMHs on an axial FLAIR MR slice.
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Fig. 2.
Verbal and Spatial Working Memory Tasks. Four modified Sternberg tasks (2 spatial and 2
verbal) were used to test memory performance across age. Verbal and spatial tasks
contained either: 1) enhancers in the delay interval (VE=verbal and SE=spatial tasks); or 2)
distracters in the delay interval (VD=verbal and SD=spatial tasks). Two of the four are
shown here (VE and SD). Displays appeared sequentially every 1.2 s with a 2 s inter-
stimulus interval. Stimulus duration was 266 ms.
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Fig. 3.
(A) Age-adjusted Task Performance and Systolic Blood Pressure. When task performance
was age-adjusted across 4 working memory tasks an interaction between systolic blood
pressure and task was found. Red (SD) and blue (SE) lines reflect significant negative linear
relationships between systolic blood pressure and accuracy on the spatial tasks. (B) Age-
adjusted verbal working memory performance measures and total cholesterol. Violet (VD)
and green (VE) lines reflect significant positive linear relationships between total cholesterol
and accuracy (Total correct) on the verbal memory tasks.
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Fig. 4.
Cluster Groups based on Vascular Risk Factors Predict Task Performance. (A) All 3 cluster
groups differed significantly in terms of blood pressure and triglyceride measures (*).
RClus1 (blue lines) differed from RClus2 (red lines) & RClus3 (green lines) on TC and LDL
measures (**). RClus3 differed from RClus1 & RClus2 in terms of total number of WMHs
and total volume of WMHs (***). A1C and HDL measures were not included since they did
not help to differentiate between the cluster groups. (B). RClus3, showing higher values on
the risk factors, performed more poorly on spatial tasks (fewer Total correct and longer RTs)
and had longer RTs on the verbal tasks. RClus2 performed better on verbal enhancer and
distracter tasks (Total correct). For Total Correct: (*)=RClus3 < RClus1 & RClus2;
(**)=RClus2 > RClus1; (***)=RClus2 > RClus1 & RClus3. For RT: (*)=RClus3 > RClus 2
& RClus1. Effects were still significant after age-correction: (†)=Age-adjusted differences in
task performance (Total correct) at p<.05.
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Fig. 5.
Path Analysis. Effects of Risk Cluster groups on verbal and spatial task accuracy along with
independent and simultaneous effects of risk factors on task accuracy. These 4 risk factors
(systolic blood pressure or BP, triglycerides or TG, total cholesterol or TC, and A1C) were
entered into a path analysis based on Table 2 results. Solid lines at right of figure represent
how well the Risk Cluster groups (combined risk factors for groups 1–3) predict
performance on the verbal and spatial working memory tasks. Dashed lines represent how
well the 4 risk factors independently predict performance on the verbal and spatial working
memory tasks when Risk Cluster was in the model. Solid lines to the left of the Risk Cluster
reflect results from a logistic regression (cumulative logit model) representing the 3 Risk
Clusters.
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Fig. 6.
DTI results. (A) Left column. Regions showing lower FA values (after FWER multiple
comparison tests) for the RClus3 group (relative to RClus2 & 1). Middle column. Regions
showing a significant negative correlation between systolic blood pressure and FA, with age
correction. Right column. Regions showing a negative correlation between FA and TC, with
age correction.
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Fig. 7.
Box plots showing the pattern of effects across Risk Cluster groups for FA, RD and AD and
region FX-ST (right and left).
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Table 1

Participant characteristics.

Mean (STD) Range N

Age 36.9 (20.7) 18–81 55

Edu 15.2 (1.9) 12–20 55

Sys BP 120.3 (16.9) 86–162 52

Dia BP 72.0 (9.6) 53–95 52

A1C 5.6 (0.4) 4.7–6.8 53

TG 114.9 (55.3) 43–288 53

TC 169.8 (33.0) 108–266 53

HDL 49.2 (16.0) 16–90 53

LDL 97.6 (28.3) 47–185 53

IQ 107.4 (12.5) 71–136 53

MMSE 28.0 (2.2) 23–30 53

REY_I 21.9 (5.8) 10–33 53

REY_D 20.5 (7.2) 0–34 53

CVLT5 12.1 (2.7) 6–16 53

Edu=mean number of years of education completed; Sys BP=Systolic blood pressure; Dia BP=Diastolic blood pressure; A1C=Fasting glycated
hemoglobin; TG=Triglycerides; TC=Total cholesterol; HDL=High-density lipoprotein; LDL=Low-density lipoprotein; IQ=Full scale score on
WAIS IV; MMSE=Mini-mental status exam; REY_I=Immediate recall on the REY-Osterrieth Complex Figure Test; REY_D=Delayed recall on
the REY-Osterrieth Complex Figure Test; CVLT5=Number of words correct on Trial 5 of California Verbal Learning Test.
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Table 2

Top rows. Phase 1 initial screening for effects of vascular risk factors on working memory performance.
Wihout Risk Cluster in the model, risk factors were evaluated using multivariate analysis to see which ones
accounted for the most variance on verbal task accuracy (left column) and spatial task accuracy (right
column). Four significant risk factors (see **) were evaluated further in a path analysis presented in Figure 5.
Bottom rows. Phase 3 univariate analyses were calculated using the 4 resultant risk factors to determine the
direct effects of each risk factor on verbal performance (left column) and spatial performance (right column).
TC showed a direct effect on verbal memory performance while Sys BP, TG, and A1C each show direct
effects on spatial memory performance (see **). Sys BP=Systolic blood pressure, Dia BP=Diastolic blood
pressure, TG=Triglycerides, A1C=Average blood glucose across 3 months, TC=Total cholesterol.

Phase 1 Screening of Risk Factors--Multivariate

Risk Factors--Verbal Task Risk Factors--Spatial Task

Age F1,38=0.73, p=0.4 Age F1,38=0.05, p=0.8

Sys BP F1,38=5.50, p<0.02** Sys BP F1,38=3.63, p=0.1

Dia BP F1,38=0.06, p=0.8 Dia BP F1,38=0.43, p=0.5

TG F1,38=3.61, p=0.06 TG F1,38=4.56, p<0.04**

A1C F1,38=2.30, p=0.1 A1C F1,38=5.39, p<0.03**

TC F1,38= 8.25, p<0.007** TC F1,38=5.73, p<0.02**

WMH_# F1,38=1.53, p=0.2 WMH_# F1,38=0.21, p=0.6

WMH_T F1,38=1.52, p=0.2 WMH_T F1,38=0.17, p=0.7

Phase 3 Direct Effect of Risk Factors on Performance--Univariate

Risk Factors--Verbal Task Risk Factors--Spatial Task

Sys BP F1,48=2.71, p=0.1 Sys BP F1,48=30.61, p<0.0001**

TG F1,48=2.55, p=0.1 TG F1,48=15.23, p<0.0003**

A1C F1,48=1.43, p=0.2 A1C F1,48=11.12, p<0.002**

TC F1,48= 10.47, p<0.002** TC F1,48=0.02, p=0.9
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Table 5

Effects of low cholesterol on verbal memory performance. TC and LDL cholesterol levels were split into two
groups (Low and Hi) at the median (TC median=172.5 mg/dL; LDL median=93 mg/dL). Only verbal task
accuracy was significantly different between Low and Hi TC or LDL groups (i.e., spatial task accuracy did not
differ between groups). In the bottom portion of the table LDL levels were split into groups according to the
cholesterol guidelines set by the NCEP. LDL values less than 100 mg/dL is considered “Optimal” while
values between 100–129 mg/dL are “Near/Above Optimal.” In general, higher cholesterol levels are
associated with better performance on the verbal memory tasks. Mean TC levels for the Low and Hi groups
were 143.5 mg/dL and 192.5 mg/dL, respectively. Mean LDL levels for Low and Hi groups were 73.1 mg/dL
and 117.0 mg/dL, respectively.

Verbal Memory Task (Total Correct) Low TC
<172.5 mg/dL

Hi TC
≥172.5 mg/dL

Verbal Enhancer 110.7 115.2 p<.02

Verbal Distracter 109.1 114.4 p<.02

Low LDL
<93.0 mg/dL

Hi LDL
≥93.0 mg/dL

Verbal Enhancer 110.1 115.8 p<.001

Verbal Distracter 108.3 115.2 p<.003

LDL
<100 mg/dL

LDL
100–129 mg/dL

Verbal Enhancer 111.0 114.3 p<.05

Verbal Distracter 109.1 114.0 p<.02
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