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 Introduction 

 High cholesterol, one of the most prevalent medical 
conditions among developed nations, plays a primary 
pathogenic role in the development of atherosclerosis and 
coronary heart disease  [1] . These conditions have a well-
established impact on cardiac-related mortality  [2] , and 
more recent evidence indicates that they may increase 
vulnerability to cognitive impairment and dementia  [3] . 
In elderly adults, atherosclerosis is associated with poorer 
attention-executive function  [4]  and altered brain re-
sponse to a cognitive challenge  [5] . In addition, the degree 
of atherosclerosis has been shown to correlate with de-
mentia severity  [6] , implicating sclerotic processes in the 
onset or progression of dementia. Thus, as a predictor of 
atherosclerosis, high cholesterol levels may be a modifi-
able risk factor for future cognitive decline and dementia.

  Interestingly, epidemiological studies investigating 
the association between serum cholesterol levels and risk 
of dementia appear inconclusive, with high serum cho-
lesterol levels relating to dementia risk in some studies 
 [7–9]  and the opposite relationship  [10–12]  or null find-
ings reported in other studies  [13, 14] . A careful analysis 
of the literature, however, reveals that elevated cholester-
ol levels in midlife are consistently associated with a high 
risk of cognitive impairment later in life  [7, 9] , while low 
cholesterol levels correlate with dementia onset in the el-
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derly  [10–12] . A possible explanation for this finding is 
that co-morbidities that lower cholesterol, such as respi-
ratory disease, malnutrition, and cancer, are increasingly 
common in older age  [15] , and may obscure the relation-
ship between high serum cholesterol and dementia risk.

  In order to obtain a clear understanding of how cho-
lesterol levels impact cognition, it is necessary to conduct 
examinations in midlife when co-morbidities are rela-
tively uncommon. Real-time assessments have been lim-
ited, however, because behavioral indicators of cognitive 
decline do not typically emerge until late in life  [16] . The 
decades separating cholesterol measurement and assess-
ment of cognitive outcomes make it difficult to assess the 
pathophysiological processes underlying the impact of 
cholesterol on cognition and limit the opportunities to 
intervene before irreversible cognitive loss has ensued. 
The advent of neuroimaging techniques has created new 
opportunities to examine neuropathological changes 
very early in the disease process  [17] . In particular, func-
tional magnetic resonance imaging (fMRI) is especially 
useful for detecting cognitive vulnerability because it
examines cerebral hemodynamic response to cognitive 
challenges and has the ability to detect altered response 
in individuals at risk of cognitive decline before behav-
ioral performance is impaired  [18–20] .

  The aim of the current study was to determine the as-
sociation between serum lipid concentrations and the 
blood oxygen level-dependent (BOLD) response to cogni-
tion in middle-aged adults. Fasting levels of total choles-

terol, high-density lipoprotein (HDL) cholesterol, and
total cholesterol/HDL-cholesterol were examined in
relation to the BOLD response during a 2-Back verbal 
working memory task. Based on previous fMRI studies 
on cardiovascular risk  [5, 20, 21] , we hypothesized that 
higher total cholesterol, higher total cholesterol/HDL-
cholesterol, and lower HDL cholesterol levels would be 
related to reduced activation intensity during the 2-Back 
working memory task.

  Material and Methods 

 Participants 
 Right-handed adults between the ages of 40 and 60 years were 

recruited through flyers and newspaper advertisements. Individu-
als with a history of coronary artery disease, angina pectoris, myo-
cardial infarctions, heart failure, and cardiac surgery were exclud-
ed. Participants were required to be to be free of lipid-lowering 
medications to remove variability due to length of medication ex-
posure. Additional exclusion criteria included history of neuro-
logical disease (e.g. stroke, Parkinson’s disease, clinically signifi-
cant traumatic brain injury), major psychiatric illness (e.g. schizo-
phrenia, bipolar disorder), substance abuse (i.e. diagnosed abuse 
and/or previous hospitalization for substance abuse), metabolic 
disorder (i.e. diabetes, thyroid disorder), smoking (within the last 
2 years), and MRI contraindications. Forty-three partic ipants 
completed the initial screening, and were enrolled in the study af-
ter providing written consent. Three participants were excluded 
from analyses because their fasting blood glucose concentrations 
classified them as diabetic based upon the American Diabetes As-
sociation classification criteria (fasting blood glucose  1 126 mg/dl) 
 [22] . Participant characteristics are presented in  table 1 .

  Procedures 
 The study was approved by the Institutional Review Board of 

The University of Texas at Austin, and all volunteers provided 
written informed consent before enrollment. Participants were 
required to complete a medical history interview in which medi-
cal conditions and treatments were coded as either present or ab-
sent based on participants’ self-reports. Participants then under-
went a full neuropsychological evaluation, brain imaging, and a 
general health assessment, including a fasting blood draw for lip-
id and glucose assay. Visits were conducted on separate days and 
participants completed the study within 1 month.

  Neuropsychological Assessment 
 All participants completed a 2-hour assessment battery in-

cluding standard clinical neuropsychological instruments with 
established reliability and validity  [23] . The battery included mea-
sures of global cognitive functioning (Mini Mental Status Exam 
 [24] ; Wechsler Abbreviated Scale of Intelligence, WASI, full-scale 
IQ  [25] ), language (WASI Vocabulary Subtest  [25] ; Category Flu-
ency for Animals  [26] ), visual-spatial ability (Rey Complex Figure 
Test-Copy, RCF-Copy  [27] ; WASI Matrix Reasoning Subtest  [25] ), 
memory (California Verbal Learning Test II  [28] ; Rey Complex 
Figure Test, RCF  [27] ), attention-executive-psychomotor func-
tioning (Wechsler Adult Intelligence Scale-III, WAIS-III, Digit 

Table 1. P articipant characteristics (n = 40)

Age, years 50.786.3
Sex, male/female 23/17
Race

Caucasian
Hispanic
Asian
African-American
Other

19 (47.5)
15 (37.5)

1 (2.5)
2 (5.0)
3 (7.5)

Education, years 15.182.4
BMI 29.585.8
Systolic blood pressure, mm Hg 123.6812.7
Diastolic blood pressure, mm Hg 77.089.8
Total cholesterol, mg/dl 216.9848.3
HDL-cholesterol, mg/dl 48.6814.5
Total/HDL cholesterol, mg/dl 4.881.6
Triglycerides, mg/dl 155.3885.6
Glucose, mg/dl 96.789.3

Figures in parentheses are percentages.
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Span Subtest  [29] ; Controlled Oral Word Association Test  [30] ; 
Grooved Peg Board, Dominant Hand  [31]  Trail Making Test A 
and B  [32] ), and emotional functioning (Beck Depression Inven-
tory II  [33] ; Spielberger Trait Anxiety Inventory  [34] ). All tests 
were administered and scored by a trained research assistant us-
ing standard administration and scoring criteria.

  General Health Assessment 
 Participants abstained from caffeine and fasted for at least 4 h 

prior to the assessment. Body weight in kilograms and height in 
centimeters were measured on a beam-balance scale for the sub-
sequent calculations of BMI. BMI was calculated by dividing 
weight in kilograms by height in meters squared. Following 15 
min of rest, participants sat upright while brachial blood pressure 
was measured using a semi-automated device. Approximately
3 ml of fasting blood was collected from the antecubital vein by 
venipucture. The concentrations of glucose, triglycerides, total 
cholesterol, and HDL-cholesterol were measured using stan-
dard enzymatic technique.

  Working Memory Task Paradigm 
 Working memory was assessed using a verbal n-Back task, con-

sisting of alternating blocks of 0-Back, 2-Back, and rest conditions 
 [35, 36] . During each 0- and 2-Back block, a series of 12 individual 
consonants were visually presented in random order for 500 ms 
each with a 2,500-ms inter-stimulus interval. Participants re-
sponded to target letters (33% in each block) using a 2-button MR-
compatible response box. In the 0-Back condition, the target was a 
pre-specified letter (H) and in the 2-Back condition, the target was 
any letter that was identical to the one presented 2 stimuli earlier. 
Task performance was assessed by measuring mean accuracy rates 
and reaction time for all correct trials. During each rest block, a 
fixation cross appeared in the middle of the screen for 30 s. The task 
was programmed and presented using E-Prime software (Psychol-
ogy Software Tools, Inc., Pittsburgh, Pa., USA). During neuroim-
aging, 2 consecutive 6-min runs consisting of 3 blocks of alternat-
ing 0-Back, 2-Back, and rest conditions were presented. Before neu-
roimaging, participants were given an opportunity to practice the 
task on a laptop computer to ensure adequate performance. 

  Neuroimaging Data Acquisition 
 MRI data for each participant were acquired in a single session 

on a 3-T GE Signa Excite MRI scanner equipped with a standard 
head coil. T 1 -weighted anatomical scans of the entire brain in the 
sagittal plane were collected using a high-resolution spoiled gra-
dient echo sequence (256  !  256 matrix, FOV = 24  !  24 cm 2 , 
1-mm slice thickness, 0 gap). Functional imaging was performed 
while participants completed the 2-Back task. The task was back-
projected from a laptop onto a screen positioned at the partici-
pant’s head, and viewed through a double-mirror attached to the 
head coil. Functional imaging was performed using a whole-brain 
echo-planar imaging sequence (TR = 3,000 ms, TE = 30 ms,
FOV = 24  !  24 cm 2 , 64  !  64 matrix, 42 axial slices, 3-mm slice 
thickness, 0.3-mm gap).

  Neuroimaging Data Processing 
 All echo planar images were processed using Analysis of Func-

tional NeuroImages (AFNI) software  [37] . Each time series was 
spatially registered to the sixth volume of the session to reduce the 
effects of head movement. This AFNI 3-dimensional registration 

program also yields information on displacement and rotation for 
each volume, which was used later to further correct motion. All 
participants moved less than 1.5 mm per imaging run, and no par-
ticipants were excluded from the analyses due to excessive head 
motion. Data preprocessing also included adjustment for differ-
ences in adjacent slice timing due to interleaved slice acquisition, 
temporal smoothing, and spatial filtering. Task-related brain acti-
vation was determined using within-subject voxel-wise multiple 
regression analyses with the following parameters: a 0-Back/2-
Back reference waveform convolved with a  � -function and covari-
ates accounting for instruction screens and head movement.

  In order to elaborate upon prior research examining cerebral 
hemodynamics and cardiovascular function ,  a priori regions of 
interest (ROIs) were defined. A separate data set was used to cre-
ate empirically defined task-related ROIs for hypothesis testing in 
order to avoid circularity. The task used to create the ROIs was 
identical to the one used in the current study. The sample and the 
creation of the ROIs are described in detail in Haley et al.  [5] . 
Briefly, the ROIs were created by transforming the results from 
individual multiple regression analyses to standard stereotaxic 
space  [38]  and converting them to z-scores. The z-scores were 
then thresholded at p  !  0.05, corrected for multiple comparisons 
using the false discovery rate (FDR) supplied by AFNI. Voxels 
were included in the final mask if they were significantly active in 
over 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 ROIs were identified using this process ( ta-
ble 2 ). Anatomical designations were assigned to the ROIs accord-
ing to the ROI 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 trans-
formed to standard stereotaxic space, using the fully automated 
3dmaskave plug-in in AFNI. This program allows one to compute 
the average over an ROI of all voxel values from an input dataset. 
Average unthresholded t values within each ROI for each person 
were used as measures of task-related activation intensity in sub-
sequent analyses for hypothesis testing. These 8 a priori ROIs were 
used because they represented the most stable activation pattern 
in response to the task used in this study from a similar yet sepa-
rate sample of participants.

  Statistical Analyses 
 Neuropsychological measures were grouped into 1 of 5 cogni-

tive domains: (1) global cognitive functioning, (2) language func-

Table 2.  A priori regions of interest

Region X Y Z

Left middle frontal gyrus –33 4 56
Left medial frontal gyrus –5 19 44
Right superior parietal lobule 37 –63 53
Left inferior parietal lobule –49 –52 44
Left middle frontal gyrus –44 45 13
Right superior frontal gyrus 33 48 15
Right middle frontal gyrus 32 5 55
Right inferior frontal gyrus 47 14 3



 Gonzales   /Tarumi   /Eagan   /Tanaka   /Biney   /
Haley    

 Dement Geriatr Cogn Disord 2011;31:259–267  262

tions, (3) visual-spatial abilities, (4) memory functions, and (5) 
attention-executive-psychomotor functions. The following test 
scores were included in each domain and raw total scores were 
utilized unless otherwise stated: 

  (1)  Global . Mini Mental Status Exam  [24]  and WASI Full Scale 
IQ  [25] . 

  (2)  Language . WASI Vocabulary Subtest  [25]  and Category 
Fluency for Animals  [26] . 

  (3)  Visual-Spatial . RCF-Copy  [27]  and WASI Matrix Reason-
ing Subtest  [25] .

  (4)  Memory . California Verbal Learning Test II immediate
recall, delayed recall, and recognition discrimination  [28] ; RCF 
immediate recall, delayed recall, and recognition discrimina-
tion  [27] .

  (5)  Attention-Executive-Psychomotor Functions . Trail Making 
A and B time to completion  [32] , Controlled Oral Word Associa-
tion Test  [30] , WAIS-III Digit Span Subtest  [29] , and Grooved Peg-
board-Dominant Hand time to completion  [31] . 

  Participants’ raw test scores were converted to z-scores using 
the study sample mean and SD. Timed test scores were multiplied 
by –1 so that higher scores indicate better performance. Five com-
posite cognitive domain z-scores were calculated for each par-
ticipant by averaging the z-scores of all tests within that domain. 

  Descriptive statistics were calculated for demographics, med-
ical variables, and raw cognitive test scores. Serum cholesterol 
levels (total cholesterol, HDL-cholesterol, and total cholesterol/
HDL-cholesterol) were assessed in relation to cognitive test per-
formance using multivariate multiple regression with all cogni-
tive domain scores entered at once.

  The impact of each cholesterol measure on mean 2-Back-relat-
ed activation intensity was analyzed using a single multivariate 
multiple regression that simultaneously included all a priori ROIs. 
Age, sex, and overall cardiovascular risk score were selected a pri-
ori as covariates because of their established association with se-
rum cholesterol levels. An overall cardiovascular risk score was 
created by coding the presence or absence of risk factors other 
than hypercholesterolemia defined by the American Heart Dis-
ease Association [BMI  6 30 kg/m 2 , hypertension (SBP  6 140 mm 
Hg or DBP  6 90 mm Hg or usage of anti-hypertensive medica-
tions), hyperglycemia (fasting glucose  6 110 mg/dl), smoking 
(self-report of prior history)]  [39]  and summing their total to cre-
ate a composite score (range 0–4). A Sidak-corrected  �  level of 
0.02 was used as the criterion of statistical significance to account 
for multiple comparisons and preserve the 5% type I error rate.

  In exploratory follow-up analyses, a correlation was conduct-
ed to explore the association between mean 2-Back accuracy and 
reaction time and 2-Back activation intensity within the three 
ROIs significant in the fully-adjusted regression model. A two-
tailed  �  level of 0.05 was used as the criterion for significance for 
this analysis. Data were analyzed using SPSS 16.0 computer soft-
ware (SPSS Inc., Chicago, Ill., USA).

  Results 

 Descriptive Statistics 
 Demographic and medical variables of the sample 

(means  8  SD) are reported in  table 1 .  Table 3  displays the 
mean raw cognitive test scores and their SD. Descriptive 
statistical analyses revealed a cognitively normal, ethni-
cally diverse, middle-aged sample, well representative of 
the population of the state of Texas based on the year 2000 
US census data for the state.

  Serum Cholesterol Levels in Relation to Cognitive
Test Performance 
 As presented in  table 4 , no association was found be-

tween total cholesterol, HDL-cholesterol, or total choles-
terol/HDL-cholesterol and measures of global cognitive 
function, language, visual-spatial ability, memory, or at-

Table 3. N europsychological test results

Global cognition
Mini Mental Status Exam
WASI Full-Scale IQ

28.481.3
115.9811.2

Language
WASI Vocabulary Subtest
Category Fluency for Animals

65.4810.2
25.285.7

Visual-spatial
WASI Matrix Reasoning Subtest
RCF-Copy

26.683.8
30.983.1

Memory
California Verbal Learning Test II

Immediate recall
Delayed recall
Recognition (yes/no)

10.983.0
11.383.3

3.180.7
RCF

Immediate recall
Delayed recall
Recognition discrimination 

16.784.8
16.484.9
19.882.4

Attention-executive-psychomotor function
Controlled Oral Word Association Test
Trail Making Test A, s
Trail Making Test B, s
WAIS-III Digit Span Subtest, total
Grooved Pegboard-Dominant Hand, s

39.3810.1
30.189.0
73.8827.8
17.183.7
77.0815.9

Emotional function
Beck Depression Inventory II
Spielberger Trait Anxiety Inventory

6.686.2
33.288.2

Table 4. S erum cholesterol levels and cognitive test performance

p  values

total HDL total/HDL

Global cognition 0.96 0.24 0.50
Language 0.54 0.48 0.55
Visual-spatial 0.96 0.86 0.97
Memory 0.16 0.60 0.74
Attention-executive-psychomotor 0.96 0.25 0.14
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tention-executive-psychomotor functioning. These find-
ings were not surprising considering the relatively young 
age of our sample and their overall level of cognitive abil-
ity (mean full-scale IQ = 116).

  Serum Cholesterol Levels in Relation to
2-Back-Related Activation Intensities 
 In the fully adjusted multivariate multiple regression 

analyses, neither total cholesterol nor HDL-cholesterol 
were significantly related to mean 2-Back-related activa-
tion intensity ( table  5 ). However, there was a trend to-
wards total cholesterol relating to lower 2-Back-related 
activation intensity in the left inferior parietal lobe
(F 4, 35  = 3.121, p = 0.027, total cholesterol  �  = –0.375, p = 
0.020).

  For total cholesterol/HDL-cholesterol, the fully ad-
justed multivariate regression model successfully pre-
dicted mean 2-Back-related activation intensity in the left 
inferior parietal lobe (F 4, 35  = 3.583, p = 0.015), right supe-
rior frontal gyrus (F 4, 35  = 3.433, p = 0.018), and right mid-
dle frontal gyrus (F 4,35  = 4.244, p = 0.007) ( table 5 ). The 
independent effects of age, sex, and cardiovascular risk 
score did not account for any unique variance in 2-Back-
related activation intensity. However, higher total choles-
terol/HDL-cholesterol levels were predictive of lower 
2-Back-related activation in all three ROIs; the left infe-
rior parietal lobe ( �  = –0.438, p = 0.010), right superior 
frontal gyrus ( �  = –0.539, p = 0.002), and right middle 
frontal gyrus ( �  = –0.455, p = 0.006). This relationship 
remained unchanged after further adjustment for level
of education [left inferior parietal lobe (F 5, 34  = 3.176,
p = 0.019, total cholesterol/HDL-cholesterol  �  = –0.401, 
p = 0.018), right superior frontal gyrus (F 5, 34  = 2.674,
p = 0.038, total cholesterol/HDL-cholesterol  �  = –0.535, 

p = 0.003), and right middle frontal gyrus (F 5, 34  = 3.572, 
p = 0.011, total cholesterol/HDL-cholesterol  �  = –0.426, 
p = 0.011)]. Lower activation intensity in the left inferior 
parietal lobe was significantly related to lower 2-Back 
 accuracy (r = 0.324, p = 0.047) and slower reaction time 
(r = –0.338, p = 0.038).

  Discussion 

 The goal of the current study was to determine if 
 serum cholesterol levels at midlife relate to an altered 
 pattern of cerebrovascular response to a challenging 
 cognitive task. We found that higher total cholesterol/
HDL-cholesterol levels were associated with lower 
2-Back-related activation intensity in a network of re-
gions implicated in working memory performance  [35, 
36] . Our pattern of results is supported by several longi-
tudinal studies, which have reported that higher total 
cholesterol levels at midlife predict an increased risk of 
cognitive decline and dementia in old age  [7, 9] . Addition-
ally, a study examining identical twins determined that 
lower levels of HDL-cholesterol at midlife related to a 
greater volume of cerebral white matter hyperintensities 
approximately 30 years later  [40] . Together these prior 
studies provide strong evidence that serum cholesterol 
levels at midlife are harmful to cognitive and cerebral 
health. However, in prior research, the clinical manifesta-
tions of decline have not been detected until much later 
in the life span. The current study extends the literature 
by demonstrating that high total cholesterol/HDL-cho-
lesterol levels predict alterations in the cerebrovascular 
response to a cognitive challenge as early as midlife. 
These results bear important considerations for interven-

Table 5. S erum cholesterol and mean 2-Back-related activation intensity controlling for sex, age, and cardiovascular risk

Region Total HDL Total/HDL

F p (overall
model)

p (choles-
terol �)

F p (overall
model)

p (choles-
terol �)

F p (overall
model)

p (choles-
terol �)

Left middle frontal gyrus 0.67 0.616 0.797 1.10 0.370 0.203 1.60 0.197 0.069
Left medial frontal gyrus 1.51 0.220 0.963 1.55 0.210 0.722 2.06 0.108 0.182
Right superior parietal lobule 2.21 0.880 0.131 1.63 0.189 0.528 2.94 0.034 0.034
Left inferior parietal lobule 3.12 0.032 0.020 1.42 0.248 0.803 3.58 0.015* 0.010*
Left middle frontal gyrus 0.42 0.796 0.286 0.23 0.917 0.504 0.62 0.650 0.168
Right superior frontal gyrus 2.17 0.092 0.029 0.73 0.577 0.319 3.43 0.018* 0.002*
Right middle frontal gyrus 1.31 0.285 0.211 2.36 0.072 0.144 4.24 0.007* 0.006*
Right inferior frontal gyrus 0.67 0.616 0.032 0.11 0.980 0.641 0.43 0.786 0.227

A ll F values have degrees of freedom of 4, 35.  * p < 0.02.
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tions. Taking steps to reduce total cholesterol and raise 
HDL-cholesterol levels at midlife may attenuate cerebro-
vascular changes, potentially reducing risk of cognitive 
decline in the future. 

  The main finding in the current study was that total 
cholesterol/HDL-cholesterol related to lower activation 
intensity in the right superior frontal gyrus, the right 
middle frontal gyrus, and the left inferior parietal lobe 
during the working memory task. These regions have 
been consistently shown to be activated across working 
memory studies and are implicated in maintaining, mon-
itoring, and manipulating information  [35, 36] . Similar 
impairments in these cognitive processes have been ob-
served in older adults with atherosclerosis  [4] . Addition-
ally, a prior fMRI study on elderly adults with cardiovas-
cular disease found a negative association between the 
degree of atherosclerosis and working memory-related 
activation intensity in the right middle frontal gyrus  [5] , 
mirroring the results with high total cholesterol/HDL-
cholesterol in the current study. Given that high total 
cholesterol/HDL-cholesterol levels predict the risk of ath-
erosclerosis  [41] , the participants in our sample may be 
showing early evidence of vascular-related alterations in 
the executive function system. While the current analy-
ses do not enable us to determine if cholesterol directly 
mediates task performance, preliminary evidence for this 
interpretation is the fact that lower activation in the left 
inferior parietal lobe was related to poorer task perfor-
mance and slower reaction time. The inferior parietal 
lobe has diffuse connections with the frontal lobe, which 
enable it to play a role in attention regulation and task 
preparation processes critical to executive function  [42] .

  It is of note that total cholesterol/HDL-cholesterol was 
the only serum lipid to relate to 2-Back-related cerebro-
vascular response. The majority of studies on midlife 
cholesterol levels and cognitive outcomes have focused 
on single parameter lipids as opposed to ratios  [7, 9, 11, 
43] . Most consistently high total cholesterol levels have 
been reported to have negative implications for future 
cognitive performance  [7, 9]  with some support existing 
for the harmful impact of low HDL-cholesterol levels  [43, 
44] . In the current study, neither total cholesterol nor 
HDL-cholesterol levels alone significantly related to the 
cerebrovascular response to cognition. The discrepancy 
between our findings and previous studies may be attrib-
uted to our sample of cognitively-intact middle-aged 
adults free from cardiovascular disease. Within this rela-
tively healthy sample, total cholesterol/HDL-cholesterol 
may have been the only lipid marker sensitive enough to 
relate to cerebrovascular response to a cognitive chal-

lenge due to the fact that the ratio is sensitive to the cu-
mulative effect of small increases in total cholesterol in 
conjunction with small decreases in HDL-cholesterol. 
Numerous studies have indicated that total cholesterol/
HDL-cholesterol is the single best serum lipid predictor 
of atherosclerosis and coronary heart disease  [45–47] . In 
fact, the Framingham equation for 10-year coronary 
heart disease risk assessment includes both total choles-
terol and HDL-cholesterol, essentially incorporating the 
ratio in the calculation  [48] . In addition to predicting ath-
erosclerosis and coronary heart disease, total cholesterol/
HDL-cholesterol levels also strongly relate to metabolic 
syndrome, a disorder composed of a clustering of cardio-
vascular risk factors (i.e. hypertension, hyperglycemia, 
dyslipidemia, and obesity)  [49] . Metabolic syndrome is an 
established risk factor for cardiac-related mortality  [49]  
and accumulating evidence indicates that metabolic syn-
drome may impair cognition. Older adults with meta-
bolic syndrome perform more poorly on cognitive tasks 
 [50, 51] , particularly on measures of processing speed and 
executive functioning  [52] . Moreover, the presence of 
metabolic syndrome has been associated with accelerated 
cognitive decline and increased risk of dementia  [53–57] . 
Thus, as a robust predictor of both atherosclerosis and 
metabolic syndrome, total cholesterol/HDL-cholesterol 
may be particularly sensitive to early alterations in cogni-
tive and cerebral health.

  Cholesterol’s impact on cognition and cerebral health 
may be mediated by alterations in vascular structure and 
function. Under normal conditions, endothelial cells in 
the arterial wall maintain vascular tone through the re-
lease of vasoactive substances, particularly the potent va-
sodilator nitric oxide  [58] . However, coronary risk factors 
damage the endothelium and limit its ability to govern 
vascular tone  [59] . High levels of LDL-cholesterol, the pri-
mary component of total cholesterol, are particularly det-
rimental to endothelial function. LDL particles preferen-
tially bind to the intimal sub-layers of arteries, recruiting 
macrophages, activating a local inflammatory response, 
and stimulating a cascade of events that contribute to ath-
erosclerosis  [60] . The corresponding damage to the endo-
thelium results in downregulation of nitric oxide and im-
paired vasoreactivity. HDL-cholesterol can at least par-
tially mitigate this damage through reverse cholesterol 
transport  [61] . In reverse cholesterol transport, HDL-cho-
lesterol removes cholesterol from bodily tissues, including 
the vascular wall, and delivers it to the liver for excretion. 
Moreover, HDL-cholesterol activates endothelial nitric 
oxide synthase, upregulating the release of nitric oxide 
and increasing vasomotor function  [62] .
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  Nitric oxide availability affects vasomotor regulation 
in both the peripheral and cerebral arteries. In the brain, 
inhibition of nitric oxide release has been associated with 
reduced basal cerebral blood flow  [63] . Chronic reduc-
tions in cerebral blood flow may negatively impact cogni-
tion because cognitive effort increases the demand for 
oxygen in engaged brain regions  [64] . In the current 
study, higher levels of total cholesterol/HDL-cholesterol 
were related to lower cerebrovascular response to a cog-
nitive challenge in the absence of global cognitive impair-
ment, potentially indicating lower yet sufficient blood 
flow delivery in response to cognitive demands. If im-
pairments in vascular tone worsen over time, blood flow 
may be further restricted, increasing vulnerability to
cerebral white matter hyperintensities, a risk factor for 
stroke and dementia  [65] . It is worth noting that in many 
fMRI studies, lower cerebrovascular response to a cogni-
tive task has been interpreted as evidence of greater pro-
cessing efficiency  [18, 19] . However, reduced cerebrovas-
cular response to a cognitive challenge has consistently 
been found in patients at increased risk for vascular cog-
nitive impairment  [5, 20, 21] . Furthermore, in the current 
study, reduced cerebrovascular response to a working 
memory task was related to poorer task performance and 
reaction time, defying an interpretation of greater pro-
cessing efficiency in this case. 

  The strengths and limitations of the current study 
must be considered. The primary strength of the current 
study was its detailed characterization of the study par-
ticipants in terms of medical history and cognitive func-
tion. Objective assessment of physiological indices such 
as fasting glucose levels allowed for exclusion of those 
with undiagnosed medical co-morbidities. The detailed 
cognitive assessment provided a thorough assessment of 
participants’ cognitive functioning across multiple do-
mains, including global cognitive functioning, language 
functions, visual-spatial abilities, memory, and atten-
tion-executive-psychomotor functions. However, the 
overall sample size was relatively small, so the present 
findings must be considered preliminary. The cross-sec-
tional nature of our study is also a limitation. The current 
study found that cerebrovascular alterations associated 
with high total cholesterol/HDL-cholesterol levels could 
be detected as early as midlife. Longitudinal studies will 
be critical in determining whether these alterations are 
predictive of individual cognitive trajectories. Future 
studies would also benefit by expanding neuroimaging 
methods to include detection of white matter hypertensi-
ties, and quantification of baseline cerebral blood flow 
and BOLD response to non-cognitive challenges. Given 

the paucity of data on midlife cardiovascular risk and ce-
rebral health, these assessments would be advantageous 
for characterizing this population and in determining if 
the changes detected in this study are specific to cogni-
tion or related to global changes in cerebrovascular reac-
tivity or cerebrovascular coupling.

  In conclusion, we found that higher total cholesterol/
HDL-cholesterol levels at midlife related to lower cere-
brovascular response to a working memory task in the 
right superior frontal gyrus, right middle frontal gyrus, 
and left inferior parietal lobe. These findings are support-
ed by longitudinal studies, which have demonstrated that 
higher total cholesterol levels at midlife increase the risk 
of cognitive decline and dementia in old age  [7, 9] . The 
novel component of the current study was that it provid-
ed a real-time assessment of the impact of serum choles-
terol on the brain at midlife by implementing fMRI. The 
findings suggest that high total/HDL-cholesterol levels 
may affect cerebrovascular response to cognition as early 
as midlife when behavioral performance is still intact. 
Considering the modifiable nature of serum lipids and 
the necessity for find preventive strategies for dementia, 
longitudinal investigations on the predictive validity of 
these findings for future cognitive outcomes are war-
ranted.
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