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BACKGROUND AND PURPOSE: MetS is a cluster of risk factors associated with significant cardiovas-
cular morbidity and mortality and diminished cognitive function. Given that little is known about the
early signs of brain vulnerability related to persistent metabolic dysfunction, we set out to determine
whether cognitively healthy middle-aged individuals with MetS exhibit an altered cerebrovascular
response to a cognitive challenge relative to those without MetS.
MATERIALS AND METHODS: Forty neurologically healthy adults aged 40–60 years (19 with MetS and
21 healthy controls) performed a 2-back verbal working memory task during fMRI. We compared
BOLD responses between the 2 groups in 8 a priori regions of interest previously shown to be
associated with the 2-back in patients with cardiovascular disease.

RESULTS: Age, education level, sex distribution, cognitive and emotional functioning, and task perfor-
mance (accuracy and reaction time) were not different between the groups. Compared with healthy
controls, individuals with MetS demonstrated a lower 2-back–related BOLD response in the right
superior frontal gyrus, right superior parietal lobule, and left inferior parietal lobule.

CONCLUSIONS: This study provides preliminary evidence that cognitively intact middle-aged individu-
als with MetS exhibit significant alterations in cerebrovascular response to a cognitive challenge. Our
results also demonstrate that fMRI may identify early brain changes associated with MetS.

ABBREVIATIONS: AD � Alzheimer disease; AFNI � Analysis of Functional NeuroImages; BMI �
body mass index; BOLD � blood oxygen level–dependent; CVLT-II � California Verbal Learning
Test-II; EPI � echo-planar imaging; fMRI � functional MR imaging; HDL cholesterol � high-density
lipoprotein cholesterol; HIV � human immunodeficiency virus; IQ � intelligence quotient; LDL
cholesterol � low-density lipoprotein cholesterol; MetS � metabolic syndrome; MMSE � Mini-
Mental Status Examination; MS � multiple sclerosis; RCF � Rey Complex Figure Test; WASI �
Wechsler Abbreviated Scale of Intelligence; WM � white matter

The number of elderly patients with dementia is expected to
quadruple during the next 50 years.1 In addition, a great

number of older adults are projected to develop milder forms
of cognitive impairment.1 This trend is alarming because cog-
nition is the most important determinant of health status,
quality of life, and functional ability in older age.2 Diminished
cognitive capacity causes significant psychological, social, and
economic hardship and adversely impacts a person’s ability to
benefit from treatment for other medical problems.3 Due to
the current paucity of treatments for dementia, management
of treatable factors that place the brain at risk for subsequent
cognitive decline is the primary line of defense, especially in
cases in which vascular factors play a key role.4-7

MetS refers to a clustering of risk factors (ie, hypertension,
hyperglycemia, dyslipidemia, and obesity) associated with in-
creased cardiovascular morbidity and mortality.8 Growing ev-

idence suggests that MetS is also harmful to cognition and that
the cluster may have predictive value for cognitive decline over
and above that of its individual components.9-16 Older pa-
tients with MetS score lower on cognitive tests than age-
matched healthy adults, particularly on measures of process-
ing speed and executive functioning,17 cognitive domains that
are associated with vascular cognitive impairment. Several
studies have shown that middle-aged individuals with MetS
are at higher risk of developing dementia in late life,18 yet
accurate prediction of individual cognitive trajectories is dif-
ficult due to the low sensitivity of paper-and-pencil screening
tests to subtle changes in intellectual functioning. Neuroimag-
ing studies have shown promise in identifying individuals at
risk for subsequent cognitive decline because these studies re-
vealed that MetS is associated with early alterations in the
structural integrity of cerebral white matter.19-21

BOLD fMRI has the potential to contribute further to our
understanding of early cerebrovascular changes related to persis-
tent metabolic dysfunction. Alterations in the BOLD response to
cognitive challenges have been shown in cognitively asymptom-
atic patients with MS, HIV infection, and genetic risk for AD.22-27

BOLD fMRI performed during cognitive tasks, therefore, can
help elucidate the complex relationship between metabolic and
vascular health, cerebrovascular support for cognitive function,
and behavioral performance. An accurate model of the relation-
ship between cerebrovascular health and persistent metabolic
dysfunction at midlife could prove instrumental in increasing the
success of broader efforts to prevent and treat vascular cognitive
impairment.
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To our knowledge, no studies have examined functional
neuroimaging in MetS. Accordingly, the aim of this study was
to test the hypothesis that middle-aged adults with MetS
would show altered patterns of brain activation (ie, BOLD
responses) during a verbal working memory task. The chosen
task requires selective attention, executive ability, and psy-
chomotor speed, cognitive abilities typically affected in vascu-
lar-related cognitive impairment. As such, they may have par-
ticular relevance for MetS.

Materials and Methods

Participants
Right-handed28 participants between 40 and 60 years of age were

recruited through flyers and newspaper advertisements. Participants

were excluded if they had a history of neurologic disease (ie, large-

vessel stroke, seizure disorder, Parkinson disease, clinically significant

traumatic brain injury, MS, or brain infection/meningitis), major

psychiatric illness (eg, schizophrenia, bipolar disorder), substance

abuse (diagnosed abuse and/or previous hospitalization for substance

abuse), or MR imaging contraindications. Forty individuals partici-

pated in the study. The mean age of those participants was 50.0 � 6.0

years (range, 40 – 60 years; median age, 50 years). The mean education

level was 15.2 � 3.0 years. The mean full-scale IQ score was 115.0 �

10.5, indicating high average global cognitive functioning according

to published norms.29 Enrollees identified themselves as follows: 43%

white, 35% Hispanic, 8% African American, 5% Asian American, and

9% other/did not specify.

Procedures
The study was conducted in accordance with the Helsinki Declaration

of 1975 with approval from the local institutional review board. All

volunteers provided written informed consent before enrollment.

Participants completed a medical history interview with a research

assistant. Medical conditions and treatments were coded as either

present or absent according to the participant self-report. Participants

underwent a general health assessment, a full neuropsychological

evaluation, and brain imaging on separate days, completing the study

within 1 month.

General Health Assessment and MetS Classification. Fasting

blood concentrations of glucose, triglycerides, HDL cholesterol, and

LDL cholesterol were determined by using the standard enzymatic

techniques. Arterial blood pressure was measured by using a standard

oscillometric blood pressure monitor after at least 15 minutes of rest

(VP-2000; Colin Medical Instruments, San Antonio, Texas). BMI was

calculated as body weight in kilograms divided by the square of the

height in meters. Prescription medications were coded as present or

absent according to the participant self-report and were classified as

antihypertensive, lipid-lowering, hypoglycemic, antiplatelet, anti-in-

flammatory, antidepressant, antihistamine, hormone replacement,

biphosphonates, or vitamins.

MetS was defined according to the 2009 criteria issued jointly by

the International Diabetes Federation, National Heart, Lung, and

Blood Institute, the American Heart Association, World Health Fed-

eration, International Atherosclerosis Society, and International As-

sociation for the Study of Obesity.8 Participants were included in the

MetS group if they fulfilled at least 3 of the flowing criteria: abdominal

obesity (BMI of �30 kg/m2, equivalent to waist circumference �94

cm for men and �80 cm for women8); elevated triglycerides (�150

mg/dL) or treatment for elevated triglycerides; reduced HDL choles-

terol (�40 mg/dL for men and �50 mg/dL for women) or treatment

for reduced HDL cholesterol; elevated blood pressure (systolic blood

pressure �130 mm Hg and/or diastolic blood pressure �85 mm Hg)

or antihypertensive drug treatment; elevated fasting glucose (�100

mg/dL) or treatment with a hypoglycemic agent. Participants were

currently being treated in the following manner: 8 with antihyperten-

sive medications, 2 with antiplatelet agents, 2 with lipid-lowering

agents, 3 with hypoglycemics, 1 with thyroid replacement therapy, 2

with bisphosphonates, and 3 with antidepressant medication. Further

details about the demographic and physiologic characteristics of the

sample and comparisons between the control and metabolic syn-

drome groups can be found in Tables 1 and 2.

Neuropsychological Evaluation. All participants completed a

2-hour assessment battery, including standard clinical neuropsycho-

logical instruments with established reliability and validity.30 The bat-

tery included measures of global cognitive functioning (MMSE31;

WASI29), language (WASI Vocabulary subtest; Category Fluency for

Animals32), memory (CVLT-II33; RCF30), attention-executive func-

tioning (Digit Vigilance 34; Controlled Oral Word Association Test35;

Trail Making Test A and B36), psychomotor speed (Grooved Peg-

board, Pegs37), visual-spatial ability (RCF copy; WASI Matrix Rea-

soning subtest), and emotional functioning (Beck Depression Inven-

tory-II).38 All tests were administered and scored by a trained research

assistant by using standard administration and scoring criteria.

Neuroimaging. Each imaging session included working memory

task practice, T1-weighted imaging for anatomic reference, and 2 im-

aging runs of the working memory task. The 2-back task was pre-

sented by using E-Prime software (Psychology Software Tools, Pitts-

burgh, Pennsylvania) back-projected onto a screen positioned at the

participant’s head and viewed through a double-mirror attached to

the head coil. Responses were collected by using an MR imaging�

compatible response box.

Table 1: Selected demographic and physiologic characteristics of subjects

Controls (n � 21) MetS (n � 19) P Value
Male/female 9/12 13/6 .105
Age (yr) 50.4 � 5.3 47.4 � 6.0 .075
Education level (yr) 14.9 � 2.0 15.5 � 3.5 .675
Systolic blood pressure (mm Hg) 121 � 12 135 � 18 .010a

Diastolic blood pressure (mm Hg) 74 � 7 81 � 11 .046a

BMI (kg/m2) 26.9 � 4.7 34.8 � 4.1 �.001a

HDL cholesterol (mg/dL) 55.6 � 14.5 39.1 � 9.2 �.001a

Triglyceride (mg/dL) 124.5 � 63.8 250.8 � 98.8 �.00a

LDL cholesterol (mg/dL) 131.6 � 39.3 127.3 � 30.6 .922
Fasting glucose (mg/dL) 93.4 � 6.8 133.8 � 50.6 �.001a

a Significant.
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MR Imaging Data Acquisition. MR imaging data for each partic-

ipant were acquired in a single session on a 3T Signa Excite MR im-

aging scanner (GE Healthcare, Milwaukee, Wisconsin) equipped with

a standard head coil. Structural imaging included a high-resolution

spoiled gradient-recalled (256 � 256 matrix, FOV � 24 � 24 cm2,

1-mm section thickness, 0 gap) anatomic scan of the entire brain in

the sagittal plane. Functional imaging was performed by using a

whole-brain EPI sequence (TR � 3000 ms, TE � 30 ms, FOV � 24 �

24 cm2, 64 � 64 matrix, 42 axial sections, 3-mm section thickness,

0.3-mm gap).

Working Memory Paradigm. Working memory was assessed by

using a verbal 2-back task. During this task, a series of individual

consonants was presented visually for 500 ms each with a 2500-ms

interstimulus interval. Consonants were arranged in random order

from a list of all consonants except “L” due to ambiguity in the low-

ercase form. For each stimulus, participants were asked to determine

if the letter on the screen was the same as or different from a previ-

ously presented letter. Responses were collected by using a 2-button

MR imaging�compatible response box. A 0-back control condition

was alternated with the 2-back condition in a block design. Two im-

aging runs, each consisting of 3 blocks of the 0-back, 3 blocks of the

2-back, and 3 blocks of rest presented in alternating order and lasting

approximately 6 minutes, were conducted.

0-Back Control Condition. This task consisted of 3 blocks of 12

consonants of random case and order, 33% of which were targets.

Participants responded yes when the upper or lowercase letter H ap-

peared on the screen or no if another letter appeared.

2-Back Working Memory Condition. The experimental condi-

tion consisted of 3 blocks, each containing 15 consonants of random

case and order, 33% of which were targets. A letter was considered a

target if it was the same as the letter presented 2 stimuli earlier regard-

less of the case (eg, s, G, S, d, V, D, v, and so forth). Task performance

was assessed by measuring accuracy rates and mean reaction time for

all correct trials.

Rest. The participants were instructed to rest for 30 seconds while

focusing their attention on a fixation cross that appeared in the mid-

dle of the screen.

fMRI Data Processing. All EPI images were processed by using

AFNI software (http://afni.nimh.nih.gov/afni/).39 Each time-series

was spatially registered to the sixth volume of the session to reduce the

effects of head movement. This AFNI 3D registration program also

yielded information on displacement and rotation for each volume,

which was used later to further correct motion. All participants

moved �1.5 mm per imaging run, and no participants were excluded

from the analyses due to excessive head motion. Data preprocessing

also included adjustment for differences in adjacent-section timing

due to interleaved section acquisition, temporal smoothing, and spa-

tial filtering. Task-related brain activation was determined by using

within-subject voxelwise multiple regression analyses with the follow-

ing parameters: a 0-back/2-back reference waveform convolved with

a � function and covariates accounting for instruction screens and

head movement. Averaged task-related activation within a set of 8 a

priori regions of interest was examined in subsequent analyses.

A separate dataset was used to create empirically defined task-

related regions of interest for hypothesis testing to avoid circularity.

The task used to create the regions of interest was identical to the one

used in the current study. The sample and the creation of the regions

of interest are described in detail in Haley et al.40 Briefly, the regions of

interest were created by transforming the results from individual

multiple regression analyses to standard stereotaxic space41 and con-

verting them to z scores. The z scores were then thresholded at P �

.05, corrected for multiple comparisons by using the false discovery

rate supplied by AFNI. Voxels were included in the final mask if they

were significantly active in �90% of all participants. Finally, active

voxels were defined as a cluster if they were contiguous and formed a

volume of at least 200 �L. Eight cortical regions of interest were iden-

tified by using this process (Fig 1 and Table 3).

Anatomic designations were assigned to the regions of interest

according to the region-of-interest center in Talairach coordinates.

This empirically defined mask was then applied to the results from the

individual multiple regression analyses in the current study sample

transformed to standard stereotaxic space, by using the fully auto-

mated 3dmaskave plug-in in AFNI. This program allows one to com-

pute the average over a region of interest of all voxel values from an

input dataset. Average unthresholded t values within each region of

interest for each person were used as measures of task-related activa-

tion intensity in subsequent analyses for hypothesis testing. These 8 a

priori regions of interest were used because they represented the most

stable activation pattern in response to the task used in this study from

a similar yet separate sample of participants.

Data Analyses
Neuropsychological measures were grouped into 1 of 5 cognitive do-

mains: 1) global cognitive functioning, 2) language functions, 3) vi-

sual-spatial abilities, 4) memory functions, and 5) attention-execu-

tive-psychomotor functions. The following test scores were included

in each domain, and raw total scores were used unless otherwise stat-

ed: 1) global: MMSE and WASI full-scale IQ; 2) language: WASI Vo-

cabulary subtest and Category Fluency for Animals; 3) visual-spatial:

RCF copy and WASI Matrix Reasoning subtest; 4) memory: CVLT-II

immediate recall, delayed recall, and recognition discrimination; RCF

immediate recall, delayed recall, and recognition discrimination; 5)

attention-executive-psychomotor functions: Trail Making A and B

time to completion, Controlled Oral Word Association Test, WAIS-

III Digit Span subtest, and Grooved Pegboard-Dominant Hand time

to completion. Participant raw test scores were converted to z scores

by using the study sample mean and SD. Timed test scores were mul-

tiplied by �1 so that higher scores indicated better performance. Five

Table 2: Cognitive and emotional functioning

Cognitive Domain Sample-Based z Score Controls (n � 21) MetS (n � 19) P Value
Global 0.14 � 0.66 �0.18 � 0.94 .228
Language 0.01 � 0.92 0.03 � 0.59 .962
Visual-spatial �0.01 � 0.63 0.01 � 0.83 .912
Memory �0.01 � 0.64 �0.04 � 0.92 .449
Attention-executive-psychomotor 0.07 � 0.56 �0.09 � 0.68 .427
Reported depressive symptoms 5.60 � 4.30 7.00 � 5.87 .728
2-Back accuracy (% correct) 83.46 (10.0) 76.0 (18.6) .339
2-Back reaction time (ms) 1078.8 (280.9) 1207.2 (348.1) .258

AJNR Am J Neuroradiol 32:541– 47 � Mar 2011 � www.ajnr.org 543



composite cognitive domain z scores were calculated for each partic-

ipant by averaging the z scores of all tests within that domain.

All variable distributions were examined by using the Shapiro-

Wilk test of normality recommended for small samples. Demo-

graphic and physiologic differences between the metabolic syndrome

and control groups were assessed by using nonparametric Mann-

Whitney U tests due to the fact that many physiologic variables have

naturally skewed distributions. Group differences in functional brain

activation within the 8 regions of interest were assessed by using anal-

ysis of variance. All statistical analyses were performed by using the

Statistical Package for the Social Sciences, Version 16.0 (SPSS, Chi-

cago, Illinois). An � level of .05 was set as the criterion for statistical

significance.

Results

Descriptive Statistics
Means and SDs of the demographic and physiologic variables
for each group are reported in Table 1. Descriptive statistical
analyses revealed an ethnically diverse middle-aged sample,
well representative of the population of Texas where the study
was conducted based on 2000 census data for the state. Nine-
teen participants fulfilled criteria for inclusion in the MetS
group (48%). The remaining 21 participants (52%) were clas-
sified as controls. Sex distributions in the 2 groups were com-

parable (�2 � 2.63, df � 1, P � .105). As expected, the 2 groups
exhibited significantly different systolic and diastolic blood
pressures, fasting glucose, BMI, triglyceride, and HDL choles-
terol values (Table 1). However, there were no significant
group differences in age or education (Table 1). There were
also no significant differences in global cognitive function,
memory, language, visuospatial ability, attention-executive-
psychomotor performance, reported depressive symptoms, or
2-back performance between the adults with MetS and con-
trols (Table 2).

Functional Brain Activation and MetS
2-Back-related activation intensities in the left middle frontal
gyrus, right superior frontal gyrus, and right middle frontal
gyrus were logarithmically transformed before inclusion in the
parametric analysis of variance due to a significant skew in the
distributions (Shapiro-Wilk � 0.937, P � .05). Analysis of
variance revealed that MetS was associated with significantly
lower task-related activation intensity in the right superior
frontal gyrus (F(1,38) � 6.91, P � .012), right superior pari-
etal lobule (F(1,38) � 7.65, P � .009), and left inferior parietal
lobule (F(1,38) � 7.56, P � .009) (Table 3 and Fig 2). These
relationships remained unchanged even after additional ad-
justment for any potential effects of antihypertensive medica-

Fig 1. Regions of interest on template anatomy: 1 � left middle frontal gyrus, 2 � left medial frontal/superior frontal gyrus, 3 � right superior parietal lobule, 4 � left inferior parietal
lobule, 5 � left middle frontal gyrus, 6 � right superior frontal gyrus, 7 � right middle frontal gyrus, 8 � right inferior frontal gyrus.

Table 3: Comparison of averaged task-related brain activation between adults with MetS and controls in a priori regions of interest
(MetS < controls)

Anatomic Region �X� Y Z Size (mm3) P Value
1) Left middle frontal gyrus 33 4 56 2429 .219
2) Left medial frontal/superior frontal gyrus 5 19 44 1651 .261
3) Right superior parietal lobule 37 �63 53 1592 .009a

4) Left inferior parietal lobule 49 �52 44 1406 .009a

5) Left middle frontal gyrus 44 45 13 1142 .764
6) Right superior frontal gyrus 33 48 15 994 .012a

7) Right middle frontal gyrus 32 5 55 676 .104
8) Right inferior frontal gyrus 47 14 3 335 .625
a Significant.
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tion: F(2,37) � 4.68, P � .015, F(2,37) � 5.35, P � .009,
F(2,37) � 3.96, P � .028; lipid-lowering medication:
F(2,37) � 3.40, P � .044, F(2,37) � 3.80, P � .032, F(2,37) �
4.17, P � .023; or hypoglycemic agents: F(2,37) � 3.37, P �
.045, F(2,37) � 4.00, P � .027, F(2,37) � 4.16 P � .023.

Lower functional activation in the right superior parietal
and left inferior parietal lobules was significantly related to
longer/slower reaction times (r � �0.35, P � .035 and r �
�0.34, P � .037, respectively). In addition, higher functional
activation in the left inferior parietal lobule was significantly
related to better task accuracy (r � 0.36, P � .03). Trends in a
similar direction were found between higher functional acti-
vation and better task performance in the right superior pari-
etal lobule (r � 0.30, P � .08) and the right superior frontal
gyrus (r � 0.32, P � .05).

Discussion
The salient finding of the present study is that compared with
age- and performance-matched healthy controls, middle-aged
individuals with MetS demonstrated significantly lower
BOLD response to a working memory task on fMRI. A work-
ing memory task was specifically chosen because it engages
cognitive processes, such as executive function and attention,
known to be especially susceptible to vascular cognitive im-
pairment for which MetS is an important risk factor.17 We
found that diagnosis of MetS was associated with significantly
lower task-related BOLD response in the right superior frontal
gyrus, right superior parietal lobule, and left inferior parietal
lobule despite intact global cognitive performance. One pos-
sible interpretation of these early alterations in the cerebrovas-
cular response to cognition in MetS is that they represent early
vulnerability of the frontoparietal executive system to meta-
bolic disturbances. The system is involved in regulating atten-
tion, switching attentional focus, and task preparation42 and is
known to be affected early in the development of vascular
cognitive impairment.43-45 This interpretation is supported by
our present finding that greater task-related BOLD response
in these regions was associated with better task performance
and faster reaction times. The cross-sectional nature of our
study limits our ability to infer future cognitive trajectories
from the observed functional activation changes. Longitudi-
nal studies that begin in midlife could help validate the use of
BOLD fMRI markers as indicators of long-term cognitive
outcomes.

To the best of our knowledge, this is the first study to ex-

amine functional imaging differences during a cognitive chal-
lenge in MetS, extending the currently available literature doc-
umenting structural changes on neuroimaging19-21 and
cognitive vulnerability in old age.9-16 A particularly notable
aspect of the present study is that MetS-related differences in
BOLD response to a demanding cognitive challenge were de-
tected in participants without clinically significant cognitive
dysfunction. As evidenced by the widely used exercise stress
test, dysfunction in physiologic systems is more likely to man-
ifest when the system is stressed. Early detection of the effects
of MetS in middle age by using a cognitive challenge as a stres-
sor has the potential to identify those who may benefit from
interventions to halt or delay potentially deleterious effects on
the brain. The early cerebrovascular changes we identified
highlight the fact that MetS has an impact on cerebral health
well before behavioral performance is impaired. These results
suggest that developing early interventions for MetS may be
important. Diet and exercise have been shown to be effective
techniques for attenuating the physiologic disturbances asso-
ciated with MetS. Our results raise the possibility that early
application of risk-factor-reduction strategies may be useful
not only for improving physiologic health but also for decreas-
ing the risk of cognitive dysfunction across the lifespan.

fMRI has long been recognized as a promising tool for de-
tecting changes in brain function before individuals meet clin-
ical criteria for cognitive impairment.46 The participants in
our MetS group were at increased risk for coronary heart dis-
ease and cerebrovascular disease but did not yet have a diag-
nosis other than MetS. The fact that we observed lower rather
than higher BOLD response in this group is also important to
consider. In the past, a higher task-related BOLD response at
comparable levels of performance in patients with MS, HIV,
and genetic risk for AD relative to healthy controls has been
observed and interpreted as compensatory overactiva-
tion25,46,47; however, the opposite trend (ie, lower task-related
activation at similar levels of performance) has been noted in
patients at high risk for cardiovascular and cerebrovascular
disease.42,48-50 On the basis these observations, it may be that
early in the vascular disease process, subclinical reductions in
vascular responsivity and endothelial function result in lower,
yet sufficient, amounts of oxygen being delivered to activated
neurons, thus producing a lower BOLD response to a cogni-
tive challenge despite intact behavioral performance.48,49 As
vascular problems worsen, further declines in cerebrovascular
reactivity and microvascular damage likely lead to vascular

Fig 2. Reduced right superior frontal (A), right superior parietal (B ), and left inferior parietal (C ) working memory activation in middle-aged adults with MetS compared with age-matched
controls. Bars and whiskers represent means and standard errors of the mean. Asterisks indicate significance at P � .05; double asterisks indicate significance at P � .01.
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cognitive impairment. Support is provided by a growing body
of literature documenting that peripheral cardiovascular dys-
function is related to poor cerebrovascular health and dimin-
ished cognitive function in older patients with cardiovascular
disease.43-45,51-55 Due to the multifaceted nature of MetS, fur-
ther research is necessary to explore the contributions of frank
vascular disease to the observed cognitive task�related BOLD
response changes in midlife. Further exploration of other po-
tential mechanisms such as alterations in cerebral glucose me-
tabolism and inflammation will also be valuable.

While considering future directions, it is important to dis-
cuss the strengths and limitations of the present study. An
important strength of the study is the thorough characteriza-
tion of our sample in terms of cognitive and physiologic func-
tioning. The study used a full cognitive battery as well as mea-
sures of metabolic and blood pressure function rather than
relying on self-reported medical history. The confirmed cog-
nitive and physiologic health status allows us to interpret the
detected functional activation changes with greater confi-
dence, without suspecting confounding effects of under-re-
ported or undiagnosed medical conditions or cognitive disor-
ders. On the other hand, the study was limited to a relatively
small sample of self-selected community volunteers. Ideally,
the external validity of the results should be tested in larger
randomly selected community samples. A larger sample
would also allow the exploration of the complex interactions
between the various components of metabolic syndrome. In
addition, concomitant assessments of white matter integrity
may be useful in future studies to further elucidate the rela-
tionships detected in this study. While overt signs of micro-
vascular damage in early adulthood are rare, small white mat-
ter lesions have been reported in randomly selected
individuals in their 40s and 50s.56 Therefore, assessments of
white matter integrity may lend further insights into cerebral
metabolic health in middle-aged individuals. Additional mea-
sures of BOLD response to noncognitive tasks and hypercap-
nia, on the other hand, can help determine whether the MetS-
related alterations in the cerebrovascular support for
cognition reported in this study are specific to brain areas crit-
ical for cognitive function and/or related to global changes in
cerebral perfusion, cerebrovascular reactivity, or cerebrovas-
cular coupling. Finally, it is important to validate the idea that
early alterations in cognitive task-related BOLD response may
be indicators of a future cognitive trajectory, which should be
assessed in longitudinal studies that begin in midlife and track
long-term cognitive outcomes.

Conclusions
In summary, we present the first study to examine fMRI in
MetS. Our preliminary results indicate that middle-aged indi-
viduals with MetS demonstrate significantly lower BOLD re-
sponse to a working memory challenge. Thus, fMRI may be a
helpful tool to identify early cerebrovascular changes associ-
ated with MetS. Future studies including BOLD response to
cognitive and noncognitive challenges as well as measures of
cerebral perfusion and white matter integrity will be impor-
tant. These approaches will elucidate the physiologic mecha-
nisms underlying the observed alterations in BOLD response
to working memory among middle-aged individuals with
MetS. Larger sample sizes will allow examination of the indi-

vidual MetS components as well as the cumulative effect of the
constellation of symptoms.

Acknowledgments
We thank the University of Texas Imaging Research Center
Staff for their help with the participants.

References
1. The Silver Book: Chronic Disease and Medical Innovation in an Aging Nation.

http://www.silverbook.org. Accessed 2007
2. Gaugler JE, Yu F, Krichbaum K, et al. Predictors of nursing home admission

for persons with dementia. Med Care 2009;47:191–98
3. Athilingam P, King KB. Heart and brain matters in heart failure: a literature

review. J N Y State Nurses Assoc 2007;38:13–19
4. Erkinjuntti T, Roman G, Gauthier S, et al. Emerging therapies for vascular

dementia and vascular cognitive impairment. Stroke 2004;35:1010 –17
5. Erkinjuntti T. Diagnosis and management of vascular cognitive impairment

and dementia. J Neural Transm Suppl 2002;91–109
6. Farlow MR. Use of antidementia agents in vascular dementia: beyond Alzhei-

mer disease. Mayo Clin Proc 2006;81:1350 –58
7. Nyenhuis DL, Gorelick PB. Diagnosis and management of vascular cognitive

impairment. Curr Atheroscler Rep 2007;9:326 –32
8. Alberti KG, Eckel RH, Grundy SM, et al. Harmonizing the metabolic

syndrome: a joint interim statement of the International Diabetes Federation
Task Force on Epidemiology and Prevention; National Heart, Lung, and
Blood Institute; American Heart Association; World Heart Federation; Inter-
national Atherosclerosis Society; and International Association for the Study
of Obesity. Circulation 2009;120:1640 – 45. Epub 2009 Oct 5

9. Akbaraly TN, Kivimaki M, Shipley MJ, et al. Metabolic syndrome over 10 years
and cognitive functioning in late midlife: the Whitehall II study. Diabetes Care
2010;33:84 – 89. Epub 2009 Oct 16

10. Kalmijn S, Foley D, White L, et al. Metabolic cardiovascular syndrome and risk
of dementia in Japanese-American elderly men: the Honolulu-Asia aging
study. Arterioscler Thromb Vasc Biol 2000;20:2255– 60

11. Yaffe K, Haan M, Blackwell T, et al. Metabolic syndrome and cognitive decline
in elderly Latinos: findings from the Sacramento Area Latino Study of Aging
study. J Am Geriatr Soc 2007;55:758 – 62

12. Yaffe K, Weston AL, Blackwell T, et al. The metabolic syndrome and develop-
ment of cognitive impairment among older women. Arch Neurol
2009;66:324 –28

13. Gatto NM, Henderson VW, St John JA, et al. Metabolic syndrome and cogni-
tive function in healthy middle-aged and older adults without diabetes. Neu-
ropsychol Dev Cog B Neuropsychol Cog 2008;15:627– 41. Epub 2008 May 16

14. Dik MG, Jonker C, Comijs HC, et al. Contribution of metabolic syndrome
components to cognition in older individuals. Diabetes Care 2007;30:2655– 60

15. Vanhanen M, Koivisto K, Moilanen L, et al. Association of metabolic syndrome
with Alzheimer disease: a population-based study. Neurology 2006;67:843– 47

16. Raffaitin C, Gin H, Empana J-P, et al. Metabolic syndrome and risk for incident
Alzheimer’s disease or vascular dementia: the Three-City Study. Diabetes Care
2009;32:169 –74

17. Segura B, Jurado MA, Freixenet N, et al. Mental slowness and executive dys-
functions in patients with metabolic syndrome. Neurosci Lett 2009;462:49 –53

18. Yaffe K. Metabolic syndrome and cognitive disorders: is the sum greater than
its parts? Alzheimer Dis Assoc Disord 2007;21:167–71

19. Bokura H, Yamaguchi S, Iijima K, et al. Metabolic syndrome is associated with
silent ischemic brain lesions. Stroke 2008;39:1607– 09

20. Segura B, Jurado MA, Freixenet N, et al. Microstructural white matter changes
in metabolic syndrome: a diffusion tensor imaging study. Neurology
2009;73:438 – 44

21. Park K, Yasuda N, Toyonaga S, et al. Significant associations of metabolic
syndrome and its components with silent lacunar infarction in middle aged
subjects. J Neurol Neurosurg Psychiatry 2008;79:719 –21

22. Sweet LH, Rao SM, Primeau M, et al. Functional magnetic resonance imaging
of working memory among multiple sclerosis patients. J Neuroimaging
2004;14:150 –57

23. Machulda MM, Ward HA, Borowski B, et al. Comparison of memory fMRI
response among normal, MCI, and Alzheimer’s patients. Neurology
2003;61:500 – 06

24. Saykin AJ, Flashman LA, Frutiger SA, et al. Neuroanatomic substrates of se-
mantic memory impairment in Alzheimer’s disease: patterns of functional
MRI activation. J Int Neuropsychol Soc 1999;5:377–92

25. Chang L, Speck O, Miller EN, et al. Neural correlates of attention and working
memory deficits in HIV patients. Neurology 2001;57:1001– 07

26. Bondi MW, Houston WS, Eyler LT, et al. fMRI evidence of compensatory
mechanisms in older adults at genetic risk for Alzheimer disease. Neurology
2005;64:501– 08

27. Filbey FM, Slack KJ, Sunderland TP, et al. Functional magnetic resonance im-

546 Hoth � AJNR 32 � Mar 2011 � www.ajnr.org



aging and magnetoencephalography differences associated with APOE �4 in
young healthy adults. Neuroreport 2006;17:1585–90

28. Oldfield RC. The assessment and analysis of handedness: the Edinburgh in-
ventory. Neuropsychologia 1971;9:97–113

29. Wechsler D. Wechsler Abbreviated Scale of Intelligence Manual. San Antonio,
Texas: Harcourt Assessment Company; 1999

30. Lezak MD. Neuropsychological Assessment. New York: Oxford University Press;
1995

31. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”: a practical
method for grading the cognitive state of patients for the clinician. J Psychiatr
Res 1975;12:189 –98

32. Morris JC, Heyman A, Mohs RC, et al. The Consortium to Establish a Registry
for Alzheimer’s Disease (CERAD). Part I. Clinical and neuropsychological
assessment of Alzheimer’s disease. Neurology 1989;39:1159 – 65

33. Delis DC, Kramer JH, Kaplan E, et al. California Verbal Learning Test (CVLT-II)
Manual. San Antonio, Texas: Harcourt Assessment Company; 2000

34. Lewis RF. Digit Vigilance Test. Odessa, California: Psychological Assessment
Resources; 1995

35. Eslinger P. The Iowa Screening Battery for Mental Decline. Iowa City, Iowa: Uni-
versity of Iowa College of Medicine; 1984

36. Reitan R. Validity of the Trail Making Test as an indicator of organic brain
damage. Percept Mot Skills 1958;8: 271–76

37. Klove H, Forster FM. Clinical neuropsychology. In: The Medical Clinics of
North America. New York: Saunders; 1963

38. Beck AT, Steer RA, Brown GK. BDI-II Manual. Fort Worth, Texas: The Psycho-
logical Corporation; 1996

39. Cox RW. AFNI: software for analysis and visualization of functional magnetic
resonance neuroimages. Comput Biomed Res 1996;29:162–73

40. Haley AP, Sweet LH, Gunstad J, et al. Verbal working memory and atheroscle-
rosis in patients with cardiovascular disease: an fMRI study. J Neuroimaging
2007;17:227–33

41. Talairach J, Tournoux P. Co-Planar Stereotaxic Atlas of the Human Brain 3-D
Proportional System: An Approach to Cerebral Imaging. New York: Thieme Med-
ical Publishers; 1988

42. Ravizza SM, Delgado MR, Chein JM, et al. Functional dissociations within the
inferior parietal cortex in verbal working memory. Neuroimage
2004;22:562–73

43. Haley AP, Forman DE, Poppas A, et al. Carotid artery intima-media thickness
and cognition in cardiovascular disease. Int J Cardiol 2007;121:148 –54

44. Cohen RA, Poppas A, Forman DE, et al. Vascular and cognitive functions
associated with cardiovascular disease in the elderly. J Clin Exp Neuropsychol
2009;31:96 –110

45. Forman DE, Cohen RA, Hoth KF, et al. Cognition and brachial endothelial
responses in older adults with cardiovascular disease. Artery Research 2008;2:
35– 43. Epub 2008 Jun 16

46. Brookheimer SY, Stojwas MH, Cohen MS, et al. Patterns of brain activation in
people at risk for Alzheimer’s disease. N Engl J Med 2000;343:450 –56

47. Sweet LH, Rao SM, Primeau M, et al. Functional magnetic resonance imaging
response to increased verbal working memory demands among patients with
multiple sclerosis. Hum Brain Mapp 2006;27:28 –36

48. Gonzales MM, Tarumi T, Tanaka H, et al. Functional imaging of working
memory and peripheral endothelial function in middle-aged adults. Brain
Cogn 2010;73:146 –51

49. Haley AP, Gunstad J, Cohen RA, et al. Neural correlates of visuospatial work-
ing memory in healthy young adults at risk for hypertension. Brain Imaging
Behav 2008;2:192–99

50. Irani F, Sweet L, Haley A, et al. An fMRI study of verbal working memory,
cardiac output, and ejection fraction in elderly patients with cardiovascular
disease. Brain Imaging Behav 2009;3:350 –57

51. Gunstad J, Cohen RA, Tate DF, et al. Blood pressure variability and white
matter hyperintensities in older adults with cardiovascular disease. Blood
Press 2005;14:353–58

52. Hoth KF, Tate DF, Poppas A, et al. Endothelial function and white matter
hyperintensities in older adults with cardiovascular disease. Stroke 2007;38:
308 –12. Epub 2007 Jan 4

53. Jefferson AL, Tate DF, Poppas A, et al. Lower cardiac output is associated with
greater white matter hyperintensities in older adults with cardiovascular dis-
ease. J Am Geriatr Soc 2007;55:1044 – 48

54. Jefferson AL, Poppas A, Paul RH, et al. Systemic hypoperfusion is associated
with executive dysfunction in geriatric cardiac patients. Neurobiol Aging
2007;28:477– 83

55. Paul RH, Gunstad J, Poppas A, et al. Neuroimaging and cardiac correlates of
cognitive function among patients with cardiac disease. Cerebrovasc Dis
2005;20:129 –33

56. Sachdev P, Chen X, Wen W. White matter hyperintensities in mid-adult life.
Curr Opin Psychiatry 2008;21:268 –74

AJNR Am J Neuroradiol 32:541– 47 � Mar 2011 � www.ajnr.org 547


