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bstract

The present study examines the relationship between systemic hypoperfusion via cardiac output (CO) and neuropsychological performances
mphasizing executive function in an aging cohort. Geriatric outpatients with treated, stable cardiovascular disease (CVD) and no history of
eurological illness (n = 72, ages 56–85) were administered cognitive measures with an emphasis on executive functioning. Echocardiogram
ndings were used to stratify participants into two groups: low CO (<4.0 L/min) and normal CO (≥4.0 L/min). Between-group comparisons
ere made using ANCOVAs adjusting for systolic blood pressure. The low CO group performed significantly worse than the normal CO
roup on DKEFS Tower Test and DKEFS Trail Making Test. No significant between-group differences were noted for any of the other
ognitive indices. Findings suggest that reduced CO is associated with poorer executive functioning among geriatric outpatients with stable

VD, as the cognitive profile emphasizes a relationship between systemic hypoperfusion and problems with sequencing and planning. The
xecutive dysfunction profile may be secondary to reduced blood flow to vulnerable subcortical structures implicated in frontal–subcortical
ircuitry.

2006 Elsevier Inc. All rights reserved.
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Patients with heart failure are a useful clinical model
or examining cognition and perfusion because reductions
n cardiac performance, a primary element to heart failure,
lter blood flow through the body (systemic perfusion) with
orresponding changes in blood flow to the brain (cerebral
erfusion). Evidence suggests that there are auto-regulatory
echanisms augmenting blood flow to the brain at the

xpense of muscle tissue and other organs during critical

oments of sudden systemic hypoperfusion (e.g., cardiac

rrest; for a review see [24]). However, such auto-regulatory
echanisms may be less effective when hypoperfusion is
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hronic, and these mechanisms may change as a function of
ge-associated breakdowns in the vasculature.

The heart failure literature examining systemic hypoper-
usion and cognition has emphasized series of pre- and post-
ransplant cases. Roman et al. [21], for example, documented
mpaired memory abilities among a cohort of heart transplant
andidates, though no impairments were noted in measures
f visuoperception, executive functioning, or information-
rocessing speed. Post-transplantation follow-up 1 year later
evealed improved memory functioning. However, the heart
ransplantation literature has been criticized because of the
onfounding role of patients’ pre-transplant poor health status
nd psychological co-morbidities (e.g., anxiety, depression).

or example, Deshields et al. [7] reported significant psy-
hological stress among transplant candidates with improve-
ents in depression, anxiety, and cognitive functioning post

ransplantation.
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One method to avoid confounding variables posed by
ransplant candidates and recipients is to evaluate patients
ith reduced cardiac function, who are not yet end-stage,

nd to focus on blood volume exiting the heart. Some past
tudies, with mixed results, have examined ejection frac-
ion (EF), a measure of the heart’s pumping efficiency,
nd its relationship to cognition [17]. One explanation for
uch inconsistent findings is that EF may be a confounded
easure of heart pumping efficiency. EF is a measure of

troke volume based on the dimensions of the left ven-
ricle, so in some cases EF may reflect a higher value if
here is regurgitation of the aortic or mitral valves. In other
ases, EF may reflect a lower value if the left ventricle is
ilated.

An alternative measure of cardiac performance free of
uch confounds is cardiac output (CO). CO is a measure
f stroke volume based on forward flow velocities reflect-
ng the amount of blood exiting the heart, as measured by
iters per minute (L/min). Differences between EF and CO

ay be secondary to the regurgitated volume that does not
ontribute to the net CO or forward flow. Therefore, research
ocusing on CO may yield more specific findings regarding
ystemic hypoperfusion, as CO more accurately captures sys-
emic blood flow in contrast to EF.

The purpose of the present study is to examine the
elationship between systemic hypoperfusion, as measured
y CO, and cognitive functioning with specific emphasis on
lements of executive functioning among an older clinical
ample with prevalent cardiovascular disease (CVD). Sub-
ortical structures in the brain are particularly susceptible
o alterations in blood flow because of the small perforating
essels feeding these structures [15]. These same subcor-
ical structures are implicated in the frontal–subcortical
ircuitry originally described by Alexander et al. [1],
hich mediate some elements of executive functioning.
onsistent with this model, ischemia and neurocognitive
ysfunction associated with frontal–subcortical system
ompromise has been observed [4] even in healthy elderly
ohorts [25]. Thus, the primary aims of the present study are
wo-fold:

1) To assess the relationship between systemic hypoperfu-
sion and cognition, emphasizing executive functioning
among older adults with CVD. We hypothesize that
systemic hypoperfusion will be associated with multiple
elements of executive dysfunction, including sequenc-
ing, inhibition, planning, generation, and working
memory. In contrast, we hypothesize that systemic
hypoperfusion will not be associated with other
non-executive cognitive measures (e.g., learning and
memory).

2) To determine if CO, as a measure of systemic perfusion,

is more sensitive to cognitive changes in this geriatric
population than EF. We hypothesize that low CO will
be associated with executive dysfunction, but such
associations will not be detectable with EF.

o
p

m
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. Methods

.1. Participants

Participants consisted of 72 community-dwelling
ndividuals participating in an NIH-supported study
F32-AG022773) examining the effects of systemic hypop-
rfusion on cognition and functional abilities in the elderly.
articipants were recruited from local medical centers,
ehabilitation programs, private practices, and general adver-
isements. Inclusion criteria required a documented history
f prevalent CVD, such as prior myocardial infarction, heart
ailure, coronary artery disease, cardiac surgery, or hyperten-
ion. Participants were English-speaking and had normal or
orrected hearing and vision at the time of testing. Exclusion
riteria included any history of traumatic brain injury with
oss of consciousness greater than 10 min, neurological
isease (e.g., Parkinson’s disease, stroke), major psychiatric
llness (e.g., schizophrenia), and/or previous drug or alcohol
buse requiring hospitalization.

.2. Neuropsychological assessment

Neuropsychological measures were selected to
eflect tasks sensitive to cognitive functions mediated
y frontal–subcortical systems and were intended to cover
he heterogeneity of executive functioning in addition to
ther cognitive measures including learning and memory.
he measures were carefully selected so that a range of
erformance was documented, precluding floor or ceiling
ffects. Except where specifically noted, lower scores reflect
reater cognitive impairment.

Mini-Mental State Examination (MMSE [9]) is a measure
f overall cognitive functioning and is often used to document
ementia severity.

Controlled Oral Word Association (COWA [26]) is a test
f rapid word generation based on an orthographic cue. Raw
cores reflect the total number of words generated across three
etters (‘F’, ‘A’, ‘S’) during three separate 60 s trials.

Ruff Figural Fluency Test (Figural Fluency [23]) is a test
f non-verbal generation of figures. To control for the com-
lexity of designs generated across participants, modified
nstructions directed individuals to use exactly four lines in
heir pattern generation. Raw scores reflect the total number
f designs generated across three trials, each of which lasts
0 s.

Trail Making Test (DKEFS subtest [5]) is sensitive to
ifficulties with cognitive flexibility and sequencing. Raw
cores reflect time to completion with greater scores indicat-
ng worse performance.

Paced Auditory Serial Addition Task (PASAT [11]) is a task
f working memory. Raw scores reflect the average percent

f items correct across four separate trials involving different
aces of presentation.

Color-Word Interference Test (DKEFS subtest [5]) is a
odified version of an inhibition task involving suppression
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f an automatic response (word reading) in favor of a novel
esponse (color naming) first developed by Stroop [27]. Raw
cores reflect the speed at which participants complete the
ask. Higher scores denoting worse performance.

Tower Test (DKEFS subtest [5]) is a task of planning and
roblem solving abilities. Raw scores reflect the participant’s
bility to use the fewest possible moves to reach the target.

Category Fluency (Animal Naming [16]) is a test of rapid
ord generation based on a semantic cue. Raw scores reflect

he total number of animals generated during a 60-s trial.
California Verbal Learning Test-II (CVLT-II [6]) is a mea-

ure of verbal learning, retrieval, and encoding abilities. Raw
cores are reflected by four indices, including total number
f words recalled across five learning trials (Trials 1–5), an
nterference condition (List B), and Short Delay Free Recall
nd Long Delay Free Recall conditions.

Biber Figure Learning Test-Extended (BFLT [10]) is a
est assessing non-verbal visuospatial learning, retrieval, and
ncoding abilities. Raw scores are reflected by four indices,
ncluding total number of designs reproduced across five
earning trials (Trials 1–5), an interference condition (Dis-
ractor List), as well as Short Delay Free Recall and Long
elay Free Recall conditions.

.3. Psychological assessment

Beck Depression Inventory-II (BDI-II [2]) is a vali-
ated 21-item self-report questionnaire assessing depression.
espondents are asked to endorse statements characteriz-

ng their mood. Scores range between 0 and 63, with scores
reater than 14 suggestive of depression.

Medical Outcomes Study SF-36 [30] is a self-report mea-
ure of subjective health status. It consists of eight domains
ummarized into two composite scores, including a Physical
omposite Summary (PCS) and a Mental Composite Sum-
ary (MCS) that reflect physical and mental quality of life,

espectively.

.4. Cardiovascular assessment

Echocardiogram: A complete, transthoracic echocar-
iogram was obtained from each participant accord-
ng to standards put forth by the American Society of
chocardiography. From these data, two indices were
erived: left ventricular ejection fraction (LVEF) and CO.
VEF is calculated based upon biplane volumes (i.e.,
F = EDV − ESV/EDV × 100%, where: EDV: end-diastolic
olume and ESV: end-systolic volume). The biplane method
f discs (or Simpson’s rule) calculates volumes from the
ummation of areas from diameters of 20 cylinders, discs of
qual height, which are apportioned by dividing the chambers
ongest length into 20 equal sections. This directly assessed

rea is independent of preconceived ventricular shape and is
ess sensitive to geometric distortions; it is therefore recom-

ended in patients with coronary artery disease and regional
all motion abnormalities.
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CO is the amount of blood in liters per minute that is
umped from the heart to perfuse the systemic circulation.
ecause the flow is pulsatile, CO is a function of stroke
olume and heart rate. Stroke volume can be calculated as
he mean velocity of blood flow leaving the left ventricle
ecorded with Doppler echocardiography multiplied by the
rea of LV outflow tract measured from the 2D echo image
CO = (TVI × CSA)×HR, where: TVI: time velocity inte-
ral, CSA: cross-sectional area, and HR: heart rate]. While
his method reflects a non-invasive procedure for obtaining
O, previous research has shown that data generated from

uch non-invasive procedures strongly correlates with inva-
ive measures of CO [18].

.5. Procedure

The local IRB approved this study and written informed
onsent was obtained from all participants prior to testing.
articipants were compensated 50 dollars. Cognitive evalua-

ions were conducted in a single session for all participants
xcept one, which required two testing sessions secondary
o the participant’s time constraints. With respect to the cog-
itive protocol, it is noteworthy that three participants were
nable to complete a single trial of the PASAT, and five par-
icipants were able to complete the early PASAT trials but
nable to sustain the task in its entirety. Group membership
as equally split among these eight participants (i.e., four
ith low CO, four with normal CO). PASAT data is missing
n one participant secondary to examiner error. Therefore,
ata analyses including the PASAT consist of 63 participants.
ardiovascular assessment was conducted in a single testing

ession lasting 2 h. Secondary to technical issues, EF data is
issing for three participants. Secondary to time constraints,

ot all participants completed their SF-36 questionnaires, so
F-36 data is available on 50 participants.

.6. Data analysis plan

Descriptive statistics were generated to summarize
emographic variables (i.e., age and education) as well as
lobal cognitive status and psychological functioning. For
he primary analyses, the sample was dichotomized into two
roups: low (<4.0, n = 28) and normal CO (≥4.0, n = 44),
nd the rationale for this dichotomy was based on a few
actors. First, the precedent within the cardiac literature is
o identify risks associated with cardiac disease, and such
tudies rely on dichotomous independent variables. Second,
e did not expect any meaningful variations in normal

ardiac output that would correspond to changes in cognitive
unctioning, as cognitive outcomes are relatively static when
elated to normal CO values. Third, and most clinically
elevant, the dichotomization of cardiac output was based on

idely accepted cut-offs utilized by cardiologists to identify

mpaired versus normal cardiac function in clinic. This
ichotomization allows our data to be applied in a clinical
ontext.



4 iology of Aging 28 (2007) 477–483

h
a

u
b
a
b
e
a
a

V
m
D
C
B
u
a
b

l
V
f
F
T
e

2

2

a
S
i
o
y
n
p

T
P

V

A
E
M
B
G
S
S

N
M
P
p

Table 2
Relevant medication information

Medication Participants (n = 72) %
(presence of medication)

Beta Blockers 57.1
Ace Inhibitors 52.9
Nitrates 12.9
ASA 57.1
Anticoagulants 17.1
Statins 70.0
Digoxins 12.5
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Differences in vascular related medical history (e.g.,
ypertension, diabetes) were conducted using chi-square
nalyses. Significance was set a priori at 0.05.

Between-group comparisons based on CO were conducted
tilizing t-tests for age, education, BDI-II total score, and
oth SF-36 composite scores (i.e., MCS, PCS). However,
n analysis of covariance (ANCOVA) adjusting for systolic
lood pressure was used to test for between-group differ-
nces on the MMSE, as previous studies have documented
n independent relationship between systolic blood pressure
nd cognition [8].

Hypothesis testing was conducted via a series of ANCO-
As adjusting for systolic blood pressure [8] for all cognitive
easures of interest (i.e., COWA, Figural Fluency, PASAT,
KEFS Trail Making Test, DKEFS Tower Test, DKEFS
olor-Word Interference Test, Category Fluency, CVLT-II,
FLT). In light of the a priori hypotheses of differential exec-
tive dysfunction for the low CO group in the absence of
ny memory differences, significance was set at 0.05 for all
etween-group comparisons.

For the EF analyses, the sample was dichotomized into
ow (<0.50, n = 15) and normal EF (≥0.50, n = 54). ANCO-
As were conducted adjusting for systolic blood pressure

or all cognitive measures of interest (i.e., COWA, Figural
luency, PASAT, DKEFS Trail Making Test, DKEFS Tower
est, DKEFS Color-Word Interference Test, Category Flu-
ncy, CVLT-II, BFLT). Significance was set at 0.05.

. Results

.1. Demographic characteristics

Descriptive statistics for all demographic variables (e.g.,
ge, education, gender) as well as for the MMSE, BDI-II, and
F-36 composite scores were generated (see Table 1). Partic-

pants consisted of 39 males and 33 females with a mean age

f 69.14 years (S.D. = 7.51) and mean education of 14.32
ears (S.D. = 2.91). The sample was comprised of 86.1%
on-Hispanic Caucasian participants. Between-group com-
arisons of the low CO and normal CO groups revealed no

able 1
articipant demographic information

ariable Low CO participants
M (S.D.)

Normal CO
participants M (S.D.)

ge (years) 68.71 (8.28) 69.41 (7.06)
ducation level (years) 14.00 (2.99) 14.52 (2.87)
MSE 28.54 (1.58) 28.93 (1.15)
DI-II 5.19 (6.29) 5.84 (6.34)
ender (% female) 57.1 38.6
F-36 PCS 44.81 (10.29) 42.01 (9.70)
F-36 MCS 54.95 (7.81) 55.91 (6.75)

ote: CO: cardiac output; M: mean; S.D.: standard deviation; MMSE: Mini-
ental State Examination; BDI-II: Beck Depression Inventory-II; SF-36

CS: SF-36 physical composite summary; SF-36 MCS: SF-36 mental com-
osite summary.
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iuretics 26.4
iabetics 11.0
sychotropics 12.3

ignificant differences for age (t(70) = −0.38, ns), educational
evel (t(70) = −0.74, ns), gender (x2 = 2.36, ns), BDI-II total
core (t(67) = −0.41, ns), SF-36 PCS (t(48) = 0.98, ns), or SF-
6 MCS (t(48) = 0.47, ns). An ANCOVA adjusting for systolic
lood pressure revealed no between-group differences on the
MSE (F(1,71) = 1.72, ns). In light of the missing SF-36 data,
follow-up independent samples t-test was performed to

ssess whether those participants that completed the SF-36
iffered from those that did not. Results suggest no between-
roup difference in global cognitive status (i.e., MMSE) for
ompleters versus non-completers (t(69) = −1.15, ns).

Information pertaining to current relevant medications is
rovided in Table 2. No between-group differences were
bserved for medication use for beta blockers (x2 = 0.01, ns),
ce inhibitors (x2 = 1.24, ns), nitrates (x2 = 1.29, ns), anti-
oagulants (x2 = 0.16, ns), statins (x2 = 0.01, ns), digoxins
x2 = 2.20, ns), diuretics (x2 = 0.84, ns), diabetics (x2 = 0.82,
s), or psychotropics (x2 = 3.15, ns). The exception to this
as ASA use (x2 = 4.33, p = 0.04), for which the normal CO
roup reported significantly greater use than the low out-
ut group (normal CO = 70%, low CO = 44%). Follow-up
NCOVA adjusting for systolic blood pressure revealed no

ignificant difference between ASA users and non-users for
lobal cognitive status (F(1,65) = 1.35, ns).

.2. Medical history and current cardiovascular health

No between-group differences were noted for vascu-
ar medical history variables, including angina (x2 = 1.47,
s), arrhythmia (x2 = 2.03, ns), atrial fibrillation (x2 = 1.04,
s), current cigarette smoking (x2 = 0.37, ns), coronary
rtery bypass (x2 = 0.58, ns), diabetes (x2 = 1.67, ns), fam-
ly history of heart disease (x2 = 1.22, ns), heart failure
x2 = 0.01, ns), hypercholesterolemia (x2 = 0.01, ns), hyper-
ension (x2 = 1.44, ns), myocardial infarction (x2 = 0.02, ns),
alve repair (x2 = 0.11, ns), or valve replacement (x2 = 2.32,
s). Between-group differences were noted for history of
igarette smoking (x2 = 4.98, p = 0.03) and stent insertion

x2 = 4.62, p = 0.03); however, the normal CO group reported
ignificantly greater frequencies for both items (62.8% and
7.91%, respectively) as compared to the low CO group
35.7% and 7.69%, respectively).
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.3. Cognition and CO

Significant between-group differences emerged for two
xecutive functioning measures, including DKEFS Tower
est (F(1,71) = 5.34, p = 0.02) and DKEFS Trail Making Test
F(1,71) = 4.92, p = 0.03). In all cases, the normal CO group
erformed significantly better than the low CO group. No sig-
ificant between-group differences emerged for the remain-
ng cognitive measures, including COWA (F(1,71) = 0.47,
s), Figural Fluency (F(1,71) = 0.32, ns), DKEFS Color-Word
nterference Test (F(1,71) = 0.42, ns), PASAT (F(1,62) = 0.53,
s), Category Fluency (F(1,71) = 0.74, ns), CVLT-II Trial
–5 (F(1,71) = 1.29, ns), CVLT-II List B (F(1,71) = 0.13, ns),
VLT-II Short Delay (F(1,71) = 0.07, ns), CVLT-II Long
elay (F(1,71) = 0.41, ns), BFLT Trial 1–5 (F(1,71) = 0.13, ns),
FLT Distractor List (F(1,71) = 0.55, ns), BFLT Short Delay

F(1,71) = 1.15, ns), and BFLT Long Delay (F(1,71) = 0.56, ns).
eans and standard deviations are provided in Table 3.
In light of the between-group difference for ASA use (i.e.,

ignificantly less ASA use for the low CO group as com-
ared to the normal CO group), follow-up ANCOVAs were
onducted adjusting for systolic blood pressure for the two
xecutive function measures that yielded significant between-
roup differences for users versus non-users of ASA. Find-
ngs revealed no significant difference for both the DKEFS
ower Test (F(1,65) = 0.81, ns) and the DKEFS Letter-Number
equencing (F(1,65) = 2.85, ns), suggesting that ASA use is
nrelated to performance on these two measures.
.4. Cognition and EF

When the sample was re-dichotomized into low and nor-
al EF, no significant between-group differences emerged

able 3
eans and standard deviations for cognitive measures

ognitive measures Low CO M (S.D.) Normal CO M (S.D.)

OWA 40.29 (12.21) 40.09 (9.64)
igural Fluency 29.25 (9.24) 30.34 (7.95)
equencing* 123.00 (89.90) 90.25 (29.54)
olor-Word 68.29 (18.00) 66.50 (16.91)
ower Test* 15.96 (4.58) 17.95 (3.80)
ASAT 58.03 (19.01) 60.20 (13.58)
ategory Fluency 19.64 (5.59) 20.52 (4.69)
VLT-II Trial 1–5 total 51.79 (11.35) 53.68 (10.33)
VLT-II List B 5.71 (1.84) 5.48 (1.58)
VLT-II Short Delay 10.89 (2.91) 10.95 (3.26)
VLT-II Long Delay 11.14 (2.68) 11.59 (3.43)
FLT Trial 1–5 total 124.57 (35.37) 124.82 (30.66)
FLT Distractor List 11.71 (5.11) 9.39 (4.55)
FLT Short Delay 25.75 (9.40) 27.64 (8.40)
FLT Long Delay 28.82 (8.33) 29.73 (7.82)

ote: M: mean; S.D.: standard deviation; COWA: Controlled Oral Word
ssociation; sequencing: DKEFS Letter-Number Sequencing; Color-Word:
KEFS Color Word Test; Tower Test: DKEFS Tower Test; PASAT: Paced
uditory Serial Addition Task; CVLT-II: California Verbal Learning Test-II;
FLT: Biber Figure Learning Test-Extended.
* Significant between-group difference.
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or any of the cognitive measures, including DKEFS
ower Test (F(1,68) = 0.24, ns), DKEFS Trail Making Test
F(1,68) = 0.46, ns), COWA (F(1,68) = 4.01, ns), Figural Flu-
ncy (F(1,68) = 1.94, ns), DKEFS Color-Word Interference
est (F(1,68) = 0.01, ns), PASAT (F(1,58) = 0.29, ns), Category
luency (F(1,68) = 0.80, ns), CVLT-II Trial 1–5 (F(1,68) = 0.16,
s), CVLT-II List B (F(1,68) = 0.19, ns), CVLT-II Short Delay
F(1,68) = 0.16, ns), CVLT-II Long Delay (F(1,68) = 0.01, ns),
FLT Trial 1–5 (F(1,68) = 1.75, ns), BFLT Distractor List

F(1,68) = 0.06, ns), BFLT Short Delay (F(1,68) = 2.17, ns), or
FLT Long Delay (F(1,68) = 3.29, ns).

. Discussion

The present study assessed the relationship between
ystemic hypoperfusion and neurocognitive functioning
mong a geriatric cohort with CVD. Consistent with a
riori hypotheses, systemic hypoperfusion, as measured by
O, was associated with impairments in some elements of
xecutive function, including sequencing and planning. As
xpected, reduced CO was not associated with non-verbal
isuospatial or verbal memory impairments. The significant
ndings for some executive function tasks, taken together
ith the null findings on all memory indices, suggest that

ystemic hypoperfusion is associated with a particular
ognitive profile corresponding to specific brain structures
ndependent of systolic blood pressure. Subcortical struc-
ures of the brain are particularly susceptible to the chronic
ystemic hypoperfusion associated with low CO [15]. We
ropose that the age-associated breakdown of the cerebrovas-
ulature, taken together with the chronicity of hypoperfusion
n these patients, exacerbates these subcortical structures’
usceptibility to alterations in perfusion.

There are two possible explanations why some but not all
xecutive function measures were related to CO, including
natomical specificity and measurement sensitivity. The dor-
olateral prefrontal cortex has been implicated not only in the
erformance of tasks involving planning [13] and sequencing
14], but also as an area of regional specialization for one
f the three parallel and contiguous circuits linking the
refrontal cortex to subcortical structures [1,22]. The struc-
ure of this circuitry allows for deficits associated with the
orsolateral prefrontal cortex to be recapitulated via damage
o subcortical structures [22]. Coupled with the fact that sub-
ortical structures are particularly susceptible to alterations
n blood flow [15], CO may be uniquely related to planning
nd sequencing performance because both tasks rely on the
ntegrity of the dorsolateral prefrontal cortex. An alternate
xplanation that cannot be ruled out is that the planning and
equencing measures are more sensitive to subtle cognitive
xecutive dysfunction associated with reduced systemic

erfusion as compared to the other executive function tasks.

Our findings augment the existing literature in two ways.
n addition to relating CO to sequencing, which has been
eported before [20], we illustrate that reduced CO is associ-
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ted with multiple elements of executive dysfunction, includ-
ng planning independent of systolic blood pressure. Further-

ore, we extend previous research in this area by focusing on
geriatric sample: a cohort that presents unique issues asso-
iated with neurovascular aging [29], chronicity of systemic
ypoperfusion, or some combination of these factors.

The present findings relating systemic hypoperfusion to
xecutive dysfunction among an aging cohort have impli-
ations for the hypoperfusion model of neurodegenerative
isease, as previous studies have reported cerebral hypoper-
usion as a risk factor for the evolution of vascular dementia
28]. Our findings suggest that systemic hypoperfusion is
ssociated with cognitive impairment (i.e., executive dys-
unction) prior to the clinical onset of a neurodegenerative
yndrome, as our sample consisted of older adults free of
eurological disease or dementia. Those participants with
hronically reduced systemic perfusion may be at increased
isk for the development of dementia, an outcome that will
e elucidated by longitudinal study of this cohort.

In contrast to the CO findings, EF was not significantly
ssociated with any executive function or memory measure,
hich is consistent with some previous studies [3,20]. Other

tudies though have reported relationships between cognition
nd EF [19,31]. For instance, Zuccala et al. [31] reported
significant association between MMSE and LV dysfunc-

ion. Our methodology included not only the MMSE but two
omplex measures assessing multiple components of mem-
ry that include acquisition, interference, and retention, none
f which were associated with reduced EF. It is noteworthy
hat between-group comparisons of perceived health status
ielded no significant differences for the low and normal EF
roups (data not shown). Thus, the discrepancy between our
ata and those of prior studies may be secondary to con-
ounds associated with the poor health status of end-stage
articipants used in previous research rather than a specific
elationship between cognitive functioning and LV perfor-
ance based on measures of EF.
Our study is unique in that we focused on a geriatric cohort,

hich few studies have done before. The exception to this is
study by Zuccala et al. [31], which included a sample of

lder adults whose mean age was 77 years. The paucity of
eriatric research in this area is undoubtedly secondary to the
oung mortality rate of end-stage heart failure patients. Our
tudy is also unique because of the emphasis of CO as an
utcome measure, incorporation of a wider breadth of exec-
tive functioning and memory measures, and the exclusion
f end-stage heart failure patients awaiting transplant.

Despite the strengths of the current study, there are a
ouple of limitations that must be considered. First, the demo-
raphics of our sample may limit generalizability, as the
ample was predominantly college educated and most partic-
pants identified themselves as non-Hispanic Caucasian (i.e.,

6%). Another noteworthy limitation that must be considered
s the lack of a corresponding cerebral perfusion measure to
erify the association between systemic perfusion and cere-
ral blood flow. In the absence of a cerebral blood flow
f Aging 28 (2007) 477–483

easure, it is difficult to conclude absolutely that the neu-
ocognitive differences are directly attributable to perfusion
eductions. Reduced CO is known to be associated with a vari-
ty of neurohumoral maladaptive responses that act locally
12] but could also have a broader systemic impact affecting
rain function. However, many feasibility factors contribute
o the omission of a cerebral perfusion measure, including
xpense and neuroimaging contraindications that cardiovas-
ular patients pose (i.e., many cardiovascular patients have
acemakers constructed of ferrous metal preventing them
rom undergoing magnetic resonance imaging (MRI)). If fea-
ible, future studies may wish to include perfusion MRI in
onjunction with CO to verify the direct association between
erebral and systemic blood flow and to rule out the possibil-
ty that the association reported in our study is secondary to
ome epiphenomenon.

The present study reported a relationship between sys-
emic hypoperfusion and certain elements of executive func-
ioning, including planning and sequencing, though a similar
ssociation with memory was not observed. Findings suggest
hat chronic systemic hypoperfusion differentially impacts
xecutive functioning among older adults, and this unique
elationship may be secondary to the vulnerability of subcor-
ical brain structures to subtle reductions in blood flow.
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