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Intact cognitive function is the best predictor of quality of life and functional ability in older age.Thus, preventing cognitive decline
is central to any effort to guarantee successful aging for our growing population of elderly.The purpose of the work discussed in this
outlook paper is to bridge knowledge from basic and clinical neuroscience with the aim of improving how we understand, predict,
and treat age- and disease-related cognitive impairment. Over the past six years, our research team has focused on intermediate
neuroimaging phenotypes of brain vulnerability in midlife and isolating the underlying physiological mechanisms. The ultimate
goal of this work was to pave the road for the development of early interventions to enhance cognitive function and preserve brain
integrity throughout the lifespan.

1. Introduction

The most rapidly rising threat to brain health in US adults
is the clustering of obesity, high blood pressure, elevated
fasting glucose, and abnormal lipid metabolism in a single
individual, a condition known as metabolic syndrome. A
staggering 34–45% of US adults currently fulfill criteria for
metabolic syndrome [1]. These numbers are alarming as
metabolic syndrome is associated not only with increased
risk for cardiovascular disease and diabetes [2], but also with
current cognitive dysfunction and risk for future cognitive
decline, over and above the detrimental effects of its compo-
nents [3–10].

While we have some information about each of the
disrupted peripheral physiological mechanisms in turn, very
little is known about the central mechanisms that connect
metabolic syndrome to brain health and cognition. The goal
of our work over the past six years has been to explore
the underlying neural mechanisms of midlife brain vulner-
ability related to peripheral vascular and metabolic distur-
bances, before clinically significant and permanent cognitive
dysfunction has developed. Understanding the preclinical
stages of disease has the enormous advantage of presenting

opportunities for early intervention, a task with much higher
prospect of success than attempting to restore lost function
later in life. Early identification of brain vulnerability is
crucial; yet it presents a significant challenge due to the low
sensitivity of clinical paper-and-pencil measures of cognitive
impairment and lack of norms for tests with higher ceiling
performance values. Our team has endeavored to solve
this problem through combining sophisticated behavioral
analyses with modern neuroimaging techniques.

2. Early Markers of Brain Vulnerability

As noted above, one of the biggest challenges of research
and clinical practice involving cognitive impairment is early
detection. By the time patients experience problems with
activities of daily living severe enough to prompt a visit
to a health care professional and warrant a diagnosis, they
are likely to have been accumulating neuropathology for
decades. At this advanced stage, their brains are likely to
be substantially and irreversibly damaged. Awareness of the
significance of family history, early cognitive testing, genetic
tests, and structural imaging have improved early detection
of mild cognitive impairment, but there is still a great need
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Figure 1: Schematic representation of the 2-back verbal working memory task. During this task, consecutive screens with letters on them
appear on a computer screen for 0.5 s. The participant is allowed for 2.5 s to make a response using a finger press. In the control (0-back)
condition, the participant is asked to decide if the letter on the screen is the letter H. During the experimental (2-back) condition, the
participant is asked to decide if the letter on the screen is the same as the letter that appeared 2 letters before, thus engaging the working
memory system.

for biological markers of early brain vulnerability. Functional
magnetic resonance imaging (fMRI) could be helpful in
this regard. fMRI has proved to be extremely useful in
identifying abnormal brain function in individuals with a
variety of disorders before clinical symptoms manifest [15–
19]. Since this noninvasive tool can map subtle alterations
in cerebral blood flow in response to changes in regional
energy demands related to neuronal function [20], it has
the potential to detect early signs of brain reorganization in
response to developing neuropathology. Increased activation
in expected task-related brain regions in at-risk groups [15,
17, 19], bilateral recruitment of brain areas for the successful
completion of normally lateralized tasks [21], and decreased
potentially distracting activation (e.g., in areas devoted to
self-monitoring) [22, 23] have all been proposed as potential
signs of compensation for diminishing brain function. Cou-
pled with well-targeted behavioral challenges that unmask
early cognitive inefficiencies and compensation, fMRI can be
invaluable for timely identification of obesity-related brain
vulnerability as well. As evidenced by thewidely used exercise
stress test, dysfunction in physiological systems is more likely
to manifest when the system is taxed. Thus, we have used
functional brain response to a cognitive challenge as an
intermediate phenotype of early brain vulnerability in many
of our studies [11, 13, 24–26]. We chose a verbal working
memory 2-back task (Figure 1). During this task, participants
view consecutive screens with letters on them, with each
letter being displayed for half a second. After the letter has
disappeared from the screen, participants have two and a
half seconds to make a decision whether the stimulus on
the screen matches a predesignated letter. During the control
condition of the task, participants are asked to decide if the

letter that just flashed on the screen is the letter “H.” During
the experimental/working memory condition of the task, the
participants are asked if the letter that just flashed on the
screen was the same as the one that appeared two screens
before. Responses are made using a two-button response
box and both reaction time and response accuracy are
recorded. Successful completion of this task requires intact
visual function, attention, executive function, and auditory
rehearsal and brain regions traditionally activated during
successful completion of the task include bilateral frontal
cortex, bilateral parietal lobe regions, and supplementary
motor areas [27].We chose this task as the cognitive challenge
in our studies because working memory is known to activate
brain areas susceptible to damage inmetabolic syndrome [28]
as well as cardiovascular diseases such as hypertension and
coronary artery disease [29].

In search of neuroimaging markers of early brain vul-
nerability, we conducted several studies examining the rela-
tionships between peripheral vascular and metabolic health,
working memory performance (reaction time and accuracy),
and hemodynamic response and a working memory chal-
lenge as measured by fMRI. In those studies, we invited
community participants between the ages of 40 and 60 to
undertake neuropsychological assessment, a brain scan, and
health assessment examining their body mass index (BMI),
resting blood pressure, fasting lipid and glucose levels, insulin
sensitivity, and measures of peripheral endothelial function
such as brachial artery flow-mediated dilatation. The final
study sampleswere diverse (less than 60%non-HispanicCau-
casian), well educated (average education level = 15 years),
and cognitively intact (average Mini-Mental State Examina-
tion score, MMSE > 26 out of 30).We found that the intensity
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Figure 2: Working memory (2-back) task-related brain activation
differences in right parietal cortex among otherwise healthy lean,
overweight, and obese adults.

of workingmemory-related brain activation diminished with
the development of metabolic and cardiovascular disorders
as early as midlife, even when cognitive performance was
still within normal limits [11, 12, 22, 25, 30]. These disorders
included obesity, hypertension, metabolic syndrome, and
frank cardiovascular diseases. Representative working mem-
ory task-related activation differences in middle age based on
BMI are displayed in Figure 2.Despite the intact accuracy and
reaction times, we interpreted the diminished task-related
brain activation to indicate early brain vulnerability for two
reasons: (1) in younger individuals, successful n-back task
performance results in stable positive activation of the same
brain regions with activation intensity increasing linearly
with working memory load [31]; and (2) in older patients
with cardiovascular disease, lower brain activation of these
regions is related to higher level of peripheral atherosclerosis
and poorer task performance [30].

In addition to fMRI, we have utilized neurospectroscopy
to characterize the changes in neuronal viability and meta-
bolism associated with metabolic and cardiovascular fitness
in midlife. Proton magnetic resonance spectroscopy (1H
MRS) is another safe and noninvasive magnetic resonance
imaging modality with potential to enhance our ability
to detect and characterize the very early stages of brain
vulnerability. It utilizes the same equipment as fMRI and does
not require the use of specialized coils or contrast agents. 1H
MRS capitalizes on the unique resonance frequencies of var-
ious hydrogen-containing compounds and prior knowledge
databases to extract information about the concentration
of brain metabolites of neurobiological significance from
targeted brain regions. For example, one could choose a small
volume of tissue (2 cc or larger) anywhere in the brain and
measure the levels of N-acetylaspartate, a marker of neuronal
viability, creatine and phosphocreatine, indicators of brain
energy metabolism, choline and phosphocholine, products
integral to membrane turnover, myo-inositol, an organic
osmolyte and precursor for the second messenger inositol
triphosphate, and glutamate, the brain’smajor excitatory neu-
rotransmitter [32–34]. Decreased levels of N-acetylaspartate
and increased levels of myo-inositol have been consistently
reported in neurological disorders associated with cognitive

dysfunction such as Down’s syndrome, Alzheimer’s disease,
and amnestic mild cognitive impairment [35, 36]. Alterations
in glutamate levels, on the other hand, have been reported
in epilepsy [37] and hypoxic-ischemic encephalopathy [38].
While neurochemical alterations in the later stages of decid-
edly neurodegenerative disorders may be unsurprising, work
from our lab as well as others has demonstrated subtle
changes in brainmetabolism even in conditions not primarily
known for their deleterious brain/cognitive outcomes. Our
published papers have described lower brain levels of the
neuronal marker N-acetylaspartate in midlife, in relation
to higher burden of peripheral atherosclerosis [39]; altered
cerebral metabolism of the organic osmolyte myo-inositol
in response to chronic inflammation [40]; and increased,
potentially neurotoxic, cerebral levels of the excitatory neuro-
transmitter glutamate in middle-aged adults with metabolic
syndrome [41, 42]. These findings are highly reminiscent
of the prodromal stages of disorders of cognitive function
such as amnestic mild cognitive impairment and Alzheimer’s
disease [36]. Taken together, our results indicate that even
small decrements of metabolic and vascular health can have
harmful brain effects and contribute to future cognitive
decline. They also make a strong argument for controlling
cardiovascular risk factors early in life to ensure successful
cognitive as well as cardiovascular aging. Finally, they provide
evidence that fMRI and neurospectroscopy can be used to
develop early markers of brain vulnerability to be used in
longitudinal tracking of risk as well as in the assessment of
the potential efficacy of early interventions.

3. Vascular and Nonvascular Mechanisms of
Cognitive Vulnerability

A practical challenge with the use of fMRI among asymp-
tomatic at-risk individuals is the interpretation of the direc-
tion of blood oxygen-level-dependent (BOLD) response
changes in the brain. Lower brain activity in expected task-
related brain regions [11, 12, 24, 25], greater brain activity
in expected task-related brain regions [15, 17, 19], significant
recruitment of unexpected brain regions [43, 44], and sus-
pension of unrelated brain activity [22, 23] have all been
reported among normally performing at-risk individuals.
Ubiquitous interpretations of diminished BOLD response
to a cognitive challenge as both cognitive efficiency and
impairment have limited our ability to extrapolate mecha-
nisms through interpretations of isolated fMRI findings. We
have tackled this challenge by including a battery of fMRI
tasks to test whether detected alterations in cerebrovascular
response to a cognitive challenge are specific to brain areas
related to the challenge of interest or are related to heretofore-
unsuspected early global changes in cerebrovascular reac-
tivity. Our research has shown, for example, that a breath-
hold calibration (i.e., consideration of the BOLD response
independent of cognitive or sensory demands) increases
detection of cognitive-related BOLD response differences
among adults with varying levels of cardiorespiratory fitness
[45].
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Figure 3: Proposed vascular [11, 12] and nonvascular mechanisms
[13, 14] linking midlife obesity to poorer cognitive function in late
life.

In addition, we have explored the underlying physio-
logical mechanisms of obesity-related functional alterations
by relating them to measures of cerebral metabolism as
well as measures of peripheral physiological fitness. Our
work demonstrates that obesity/metabolic syndrome may
lead to cognitive decline through two potential pathways
(Figure 3): a vascular pathway whereby obesity promotes the
development of insulin resistance, which, in turn, interferes
with cerebral endothelial function, leading to unfavorable
alterations in the cerebrovascular response to a mental
challenge and eventually to cognitive decline [11, 12]. To test
this model, we conducted a study exploring the relation-
ship between BMI, insulin sensitivity, and cerebrovascular
response and a cognitive challenge using fMRI. We used the
working memory 2-back task described earlier. As in the
previous studies, middle-aged, otherwise healthy, ethnically
diverse, and cognitively intact community volunteers partic-
ipated in this study. The results showed a dose-dependent
relationship between BMI and task-related functional brain
activation in the right parietal cortex with lean adults (BMI
< 25) exhibiting higher task-related brain activation than
overweight (25 < BMI < 30) and obese (BMI ≥ 30) adults
(Figure 2) [12]. More importantly, this relationship appeared
to be fully accounted for by insulin sensitivity, providing
supporting evidence for our vascular model of obesity-
related brain vulnerability. Yet, the model hypothesized that
insulin sensitivity impacts the hemodynamic response to a
cognitive challenge by contributing to endothelial dysfunc-
tion, assuming a relationship between endothelial function
and task-related functional brain activation. To test this
assumption, we conducted another study on community-
dwelling middle-aged adults during which we measured
functional brain response to a working memory challenge
using fMRI and brachial artery endothelial-dependent flow-
mediated dilation (FMD) using B-mode ultrasound [12]. We
established that there was a significant positive correlation
between FMD and task-related brain activation in the right
superior parietal cortex where greater FMD was related to
a more robust cerebrovascular response to the cognitive

challenge. Thus, we found supporting evidence for all of
the critical steps of the proposed vascular model of obesity-
related brain vulnerability where obesity, through the devel-
opment of insulin insensitivity, was hypothesized to lead to
endothelial dysfunction and eventually to lower task-related
functional brain activation and cognitive decline.

However, unsurprising for such a complex metabolic
condition, we also found evidence for a nonvascular pathway
via which obesity could also lead to disturbances in cognitive
function. Again, our studies included middle-aged commu-
nity volunteers (aged from 40 to 60), free of major neuro-
logical and psychiatric disorders, ethnically diverse (<45%
non-Hispanic Caucasian), well educated (average education
level = 15), and cognitively intact (MMSE> 27 out of 30).They
underwent a neuropsychological evaluation, a health screen,
and structural brain imaging including neurospectroscopy.
We found that BMI was negatively correlated with memory
performance with participants with higher BMI performing
worse on a word-learning task. While this relationship was
only a trend in midlife, a significant indirect effect of cerebral
myo-inositol was detectable. Higher BMI was related to
poorer memory performance in midlife through elevated
cerebral myo-inositol [13]. In search for a modifiable risk
factor for cognitive impairment, we continued to probe the
BMI-myo-inositol relationship further, discovering that it
was fully accounted for by elevated triglycerides and reduced
levels of high-density lipoprotein (HDL) cholesterol [14].
Together, these studies provide evidence that obesity-related
disturbance of lipid metabolism may directly affect cerebral
neurochemistry by altering fluid homeostasis and promoting
neuroinflammation, again, resulting in deleterious cognitive
effects [13, 14]. Since the ultimate goal of all of this work is to
identify viable targets for early interventions to promote suc-
cessful cognitive aging, these latest findings are of particular
significance as both insulin resistance and disorders of lipid
metabolism are highly treatable.

4. Future Direction 1: Interventions to
Preserve Brain Function

Exercise Interventions. Following the vascular model of
obesity-related brain vulnerability, one highly promising
intervention to preserve brain function is aerobic exercise.
The cardiovascular benefits of aerobic exercise arewell known
[46] and fitness training has been associated with cognitive
enhancement in nondemented older adults [47]. Our own
research has demonstrated that fitness-related benefits on
neuronal viability [48], cerebral perfusion [49], and cognitive
function [50] are evident as early as midlife. However, it is
still unclear whether this benefit is simply due to prevention
of other risk factors (e.g., reductions in blood pressure), or
whether exercise can reverse the negative effects of aging on
the brain. Future work should employ sensitive neuroimag-
ing measures of neuronal integrity, cerebral perfusion, and
cognition to test the effects of exercise training in previously
sedentary middle-aged adults.
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Nonexercise Interventions. An ideal intervention for patients
with any kind of cardiovascular disease would involve restor-
ing the original cardiovascular status, through aerobic exer-
cise, for example. As this is often not feasible (only 5% of US
adults report the recommended level of daily physical activity
[51]), an alternative intervention would be to support brain
energy production by upregulatingmitochondrial respiration
[52]. One highly promising novel intervention to stimulate
brain energy production is transcranial low-level light/laser
therapy (LLLT), the use of directional low-power and high-
fluence monochromatic or quasimonochromatic light from
lasers or light-emitting diodes in the red to near-infrared
wavelengths [53]. This intervention capitalizes on the fact
that the brain is capable of converting light to energy stored
as adenosine triphosphate (ATP), the energy used by all
metabolic processes.The conversion is facilitated by themito-
chondrial enzyme cytochrome oxidase. Transcranial LLLT
utilizes the ability of cytochrome oxidase to accept photons
from near-infrared light in the brain.Thus, transcranial LLLT
is intended to modify mitochondrial respiration in the brain,
rather than alter vascular function [54]. LLLT stimulates ATP
production by upregulating cytochrome oxidase activity [54].
It is safe, noninvasive, and therapeutically beneficial, pro-
moting enhancement of energy production, gene expression,
and prevention of cell death. It has been FDA-approved for
pain relief in head, neck, and hand [55]. Very recently, it
was demonstrated that even a single LLLT treatment with
a laser diode (CG-5000) to the forehead improves both
mood and cognitive function in healthy young adults [56].
Forty volunteers, aged from 18 to 35, were randomized
into one of two treatment conditions: LLLT or control. In
the active condition, participants received four 1-minute
LLLT treatments to each of two sites on the right forehead
during a single treatment session. In the control condition,
participants experienced a similar protocol with the only
difference being that, within each 1-minute active treatment
period, they received 5 seconds of LLLT and 55 seconds
of no treatment. Sustained attention, memory, and mood
weremeasured before and after treatment using psychomotor
vigilance and delayed match-to-sample tasks as well as self-
report measures of positive and negative affect (Positive and
Negative Affect Schedule (PANAS)). While no differences
were noted between the groups on any of the measures
before treatment, reaction time on the psychomotor vigilance
task, memory retrieval latency, and correct responses after
treatment were significantly better in the actively treated
participants as compared to the controls. Overall affect,
calculated as positive affect score minus negative affect score,
was also significantly higher after treatment in the actively
treated participants. The authors concluded that these results
provide supporting evidence for the efficacy of LLLT in
improving cognitive performance as well as mood. Since the
frontoparietal networks responsible for sustained attention
appear to be particularly vulnerable to damage related to
cardiovascular and metabolic disorders [29], LLLT may be a
viable treatment alternative in those patient populations as
well, especially in cases where restoring the original cardio-
vascular status is not feasible. Future studies should extend
knowledge in this area by examining the effects of LLLT in

middle-aged and older participants at varying degrees of risk
for developing cardiovascular and cerebrovascular disorders
including vascular cognitive impairment.

5. Future Direction 2: Moderators of
Cognitive Vulnerability

While a great wealth of knowledge about early brain vulnera-
bility has resulted from studies of group differences between
people with cognitive risk factors and their healthy counter-
parts, it has also become increasingly clear that the cognitive
trajectories of individualswith the same set of risk factorsmay
vary. This latter fact brings to light the complex interactions
between genetic susceptibilities and acquired environmental
risk factors in conferring both risk and resilience. Future
studies should examine the role of genetic (e.g., ApoE4) and
environmental moderators of cognitive vulnerability (e.g.,
psychosocial stress) and resilience (e.g., education). Special
attention should be devoted to health promotion among
underserved populations such as individuals with lower
socioeconomic status and migrant workers.

6. Summary and Conclusions

In summary, the goal of our work has been to explore
the underlying neural mechanisms of brain vulnerability
related tometabolic syndrome and subclinical cardiovascular
disease, before brain function is significantly compromised.
To accomplish this, we have relied on a combination of behav-
ioral challenges and cutting-edge technologies including
functional magnetic resonance imaging, neurospectroscopy,
and ultrasonography. The intermediate neuroimaging phe-
notypes of early brain vulnerability developed in our lab, in
addition to information about the neurochemical changes
underlying any functional alterations, offer opportunities to
pilot the efficacy of early exercise and nonexercise interven-
tions to promote successful cognitive aging. Future studies
should also include the systematic assessment of genetic
(e.g., ApoE4) and environmental moderators of cognitive
vulnerability (e.g., psychosocial stress) and resilience (e.g.,
education). Special attention should be paid to health promo-
tion among underserved populations such as individualswith
lower socioeconomic status and migrant workers.
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and C. Junqué, “Mental slowness and executive dysfunctions
in patients with metabolic syndrome,”Neuroscience Letters, vol.
462, no. 1, pp. 49–53, 2009.

[29] R. A. Cohen, A. Poppas, D. E. Forman et al., “Vascular and cog-
nitive functions associated with cardiovascular disease in the
elderly,” Journal of Clinical and Experimental Neuropsychology,
vol. 31, no. 1, pp. 96–110, 2009.

[30] A. P. Haley, L. H. Sweet, J. Gunstad et al., “Verbal working
memory and atherosclerosis in patients with cardiovascular



Advances in Vascular Medicine 7

disease: an fMRI study,” Journal of Neuroimaging, vol. 17, no. 3,
pp. 227–233, 2007.

[31] J. D. Ragland, B. I. Turetsky, R. C. Gur et al., “Working memory
for complex figures: an fMRI comparison of letter and fractal n-
back tasks,” Neuropsychology, vol. 16, no. 3, pp. 370–379, 2002.

[32] E. R. Danielsen and B. Ross, Magnetic Resonance Spectroscopy
Diagnosis of Neurological Diseases, Marcel Dekker, New York,
NY, USA, 1999.

[33] B. D. Ross, “Biochemical considerations in 1H spectroscopy.
Glutamate and glutamine; myo-inositol and related metabo-
lites,” NMR in Biomedicine, vol. 4, no. 2, pp. 59–63, 1991.
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