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Abstract

Background: Increased carotid artery intima-media thickness (IMT) is a non-invasive marker of systemic arterial disease. Increased IMT has
been associated with atherosclerosis, abnormal arterial mechanics, myocardial infarction, and stroke. Given evidence of a relationship
between cardiovascular health and attention-executive-psychomotor functioning, the purpose of this study was to examine IMT in relation to
neuropsychological test performance in patients with a variety of cardiovascular diagnoses.
Methods: One hundred and nine participants, ages 55 to 85, underwent neuropsychological assessment and B-mode ultrasound of the left
common carotid artery. IMT was calculated using an automated algorithm based on a validated edge-detection technique. The relationship
between IMT and measures of language, memory, visual–spatial abilities and attention-executive-psychomotor functioning was modeled
using hierarchical linear regression analyses adjusted for age, education, sex, cardiovascular risk, current systolic blood pressure, and history
of coronary artery disease (CAD).
Results: Increased IMT was associated with significantly lower performance in the attention-executive-psychomotor domain (IMT beta=
−0.26, pb .01), independent of age, education, sex, cardiovascular risk, current systolic blood pressure, and CAD (F(10,100)=3.61,
pb .001). IMT was not significantly related to language, memory, or visual–spatial abilities.
Conclusions: Our findings suggest that, in patients with cardiovascular disease, IMT may be associated with the integrity of frontal
subcortical networks responsible for attention-executive-psychomotor performance. Future studies are needed to clarify the mechanisms by
which IMT affects cognition and examine potential interactions between increased IMT and other measures of cardiovascular health such as
blood pressure variability, cardiac systolic performance, and systemic perfusion.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Increasing evidence suggests that cardiovascular disease
is associated with diminished cognitive functioning, even in
patients who do not meet criteria for vascular dementia [1–4].
A new diagnostic category, referred to as vascular cognitive
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Table 1
Sample demographic and medical information

Mean SD Number of patients Frequency

Male 57%
Female 43%
Caucasian 90%
African American 9%
Other 1%
Age 69.18 7.43
Education 14.40 2.75
IMT 0.88 0.13
Hypertension 82 75%
Hypercholesterolemia 48 44%
Diabetes 27 25%
Tobacco use 41 38%
Angina 25 23%
Angioplasty/stents 20 18%
Cardiac arrest 6 6%
Coronary artery disease 31 29%
Heart failure 18 17%
Myocardial infarction 44 40%
CABG 34 31%
Arrhythmia 16 15%
Mitral valve prolapse 9 8%
Valve surgery 10 10%
Pacemaker 3 3%
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impairment, has been proposed to include these subtle
alterations of cognitive ability [5], that nonetheless appear
to be associated with higher incidence of dementia later in
life, loss of independence, and increased mortality [6].
Because these cognitive changes may be mediated through
compromises in the structural and functional integrity of
cerebral blood vessels, it is important to define relationships
between markers of vessel health and cognition.

In this study, we examined the relationship between in-
creased carotid artery intima-media thickness (IMT) and
neuropsychological functioning in a clinically heterogeneous
sample of stable outpatients with cardiovascular disease.
IMT, as assessed by B-mode ultrasound, is a reliable, non-
invasive measure of disease-related arterial wall changes [7].
Though small increases in IMT may be an adaptive response
to changes in blood pressure and flow, there is consensus that
IMT levels greater than 0.9 mm are indicative of atheroscle-
rotic vascular disease and end organ damage [8]. Athero-
sclerosis of the large and medium-sized arteries is associated
with plaque formation, inflammation, endothelial dysfunc-
tion, thrombosis, and acute or chronic luminal obstruction
resulting in abnormal blood flow to target organs [9]. By
virtue of cerebral architecture and vasculature, the frontal
subcortical networks that govern complex attention, execu-
tive functioning and cognitive processing speed are par-
ticularly susceptible to ischemic damage resulting from blood
flow abnormalities [10]. Impairment of attention-executive-
psychomotor functions is a hallmark of both vascular
dementia and the milder, yet more prevalent category of
vascular cognitive impairment [11]. A relationship between
IMT specifically and attention-executive-psychomotor test
performance, however, has been inconsistently reported in
the previous literature. One community-based study reported
a significant association between increased IMT and lower
visual attention and psychomotor speed for both men and
women [12], while another found a similar relationship only
in men with carotid plaques [13]. IMTwas found to be a good
predictor of cognitive decline over time in stroke patients [14]
but not in community dwelling elderly [15]. These dif-
ferences are likely due to the fact that IMT values in com-
munity samples are generally well below the accepted cut off
of 0.9 mm indicating vascular damage from atherosclerosis
[13,15]. We hypothesized that increased IMT will be related
to lower attention-executive-psychomotor performance in
patients with cardiovascular disease because they can be
expected to exhibit pathological arterial wall changes at rates
much higher than those found in the general population.

2. Materials and methods

2.1. Study sample

Participants between the ages of 55 and 85 were recruited
from cardiology outpatient clinics, cardiac rehabilitation
programs, and community fliers in the Providence, RI area.
Volunteers were screened for participation if they had a
documented history of at least one of the following: a
diagnosis of coronary artery disease (CAD), angina pectoris,
previous myocardial infarction (MI), heart failure, cardiac
surgery, arrhythmia or hypertension. Patients were excluded
from the study if they had a history of neurological disease
(i.e., large vessel stroke, seizure disorder, Parkinson's
disease, clinically significant traumatic brain injury, multiple
sclerosis, brain infection/meningitis, or diagnosed dementia),
major psychiatric illness (e.g. schizophrenia, bipolar disor-
der), substance abuse (i.e., diagnosed abuse and/or previous
hospitalization for substance abuse), or if they scored below
the cut off for dementia (total score b123) on the Dementia
Rating Scale (DRS) [16].

Of 181 screened volunteers, 176 fit the cardiac disease
profile. Five participants were excluded for low DRS scores
(total score b123). IMT and complete cognitive test data were
available on 109 participants (63 men and 46 women). The
mean age (SD) of the sample was 69.18 (7.43) years. The
mean education level (SD) was 14.40 (2.75) years. The mean
total DRS score (SD) was 137.76 (4.67), indicating intact
global cognitive functioning according to published norms
[16]. Enrollees identified themselves as follows: 90% —
Caucasian, 9% — African American, and 1% — Other.
Approximately 33% of all participants endorsed at least one
cardiovascular risk factor (hypertension, hypercholesterol-
emia, diabetes, or tobacco use), 28% endorsed two factors,
20% — three factors, 8% — all four factors, and 11% could
be classified as low risk with no cardiovascular risk factors.
Seventy percent of study participants showed indications of
CAD by reporting a diagnosis of CAD, coronary artery
bypass surgery (CABG), MI, angina, or angioplasty/stent
placement. Mean carotid artery IMT (SD) for the sample was



Fig. 1. Carotid image of a selected frame of a typical participant. The white
arrows mark the lumen-intima and media-adventitia interfaces. The dotted
line represents the selected region for analysis.

Fig. 2. Automated IMT detection. The image represents the signal intensity
of the region selected for analysis on far wall of the left common carotid
artery for all frames of a typical subject. The orange color indicates high
intensity values, and blue color indicates low intensity values. The pink
circles represent the estimated boundaries for the carotid diameter. The black
‘x’s represent the estimated lumen-intima and media-adventitia interfaces.
(For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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0.88 (0.13) mm. Approximately 40% of participants regis-
tered IMT values equal to or greater than 0.9 mm, levels
indicative of atherosclerotic vascular disease according to
European Society of Hypertension–European Society of
Cardiology guidelines [17]. Ninety two percent of the study
participants were currently being treated with antihyperten-
sive medication, 37% with aspirin/antithrombotics, 73% with
lipid lowering agents, 33% with vitamins, 25% with gastric
acid inhibitors, 16% with hypoglycemics, 37% with vasodi-
lators, and 16% with psychoactive medications. Further
details about the demographic and medical characteristics of
the sample can be found in Table 1.

2.2. Procedures

The local Institutional Review Board approved the study
and all volunteers provided written informed consent before
enrollment. Participants completed a detailed medical history
questionnaire with a focus on cardiovascular disease, and
reviewed their answers with a trained research assistant under
the supervision of the study PI (RAC). Cardiovascular risk
factors (hypertension, hypercholesterolemia, tobacco use,
and diabetes), and cardiovascular diagnoses, events, and
procedures (e.g., CAD, CABG, MI, angioplasty, angina,
arrhythmia, heart failure, valve surgery) were coded as either
present or absent according to participants' self-report. Par-
ticipants underwent an ultrasound examination of the carotid
artery and neuropsychological assessment on separate days.

2.2.1. Ultrasound examination and IMT quantification
High-resolution B-mode carotid ultrasonography was

performed using a 7.5-MHz transducer and an Agilent 5500
machine (Agilent, Andover, MA). IMTwas calculated using
scans of the far wall of the left common carotid artery
approximately 1 cm proximal to the carotid bulb. IMT was
defined as the distance between the luminal–endothelial
interface and the junction between the media and the
adventitia (Fig. 1). Automated, objective edge-detection
software was developed to measure IMT thickness based on a
validated technique described previously [18]. The following
steps were involved: 1) the user scrolled through the image
set and determined the region of greatest vessel wall clarity;
2) a single image was used to orient this extracted region
along an axis of symmetry; 3) the program proceeded with
edge detection as follows: the region of interest for the entire
image set was projected along the axis; candidate edges were
identified in this projection by points at which the change in
pixel intensity was maximum. A cost function minimized by
a Viterbi search, a technique successfully used in speech
processing, imposed continuity by simultaneously weighing
brightness of the edges and distance of edges from each other
and from the image center, and penalizing for large
discontinuity in the path through the pair of edges. The
detected boundaries for diameter estimation were located in
between the lumen-intima and media-adventitia interfaces
(Fig. 2). Thus, IMT was defined as the distance between the
peak intensities above and below the estimated boundaries of
the diameter. The final automated IMT measurement was an
average of approximately 1400 measurements across the
entire image set. The automated method was validated in a
subset of participants (n=20) against a manual IMT
measurement completed by a single rater as described by
Jegelevičius and Lukoševičius [19]. The absolute mean
difference (SD) between the manual and automated measure-
ments of IMT was .01 (.04) mm for 19 out of the 20
participants in the validation study (95%), and .03 (.06) mm



Fig. 3. Bland–Altman plot of the agreement between the manual and
automated measurements of IMT.

Table 2
Cognitive test scores, means and standard deviations

Test measures by domain Sample mean score
(SD)

Global cognitive functioning
Mini Mental Status Exam (MMSE) 28.55 (1.59)
Dementia Rating Scale (DRS) 137.76 (4.67)

Language
Boston Naming Test (BNT) 54.83 (4.26)
Category Fluency for Animals (Animals) 20.18 (5.07)

Visual–spatial
Hooper Visual Organization Test (HVOT) 23.82 (3.41)
Complex Figure Test (CFT-Copy) 30.51 (5.58)
WAIS-III Block Design Subtest (Block Design) 33.23 (11.27)

Memory
California Verbal Learning Test (CVLT)

Immediate recall 9.21 (3.15)
Delayed recall 9.51 (3.25)
Recognition discrimination 92.00 (6.12)

Complex Figure Test (CFT)
Immediate recall 15.05 (8.01)
Delayed recall 14.79 (7.85)
Recognition discrimination 19.66 (2.66)

Brief Visual Memory Test-Revised (BVMT-R)
Delayed recall 7.32 (3.11)
Recognition discrimination 5.10 (1.01)

Attention-executive-psychomotor
Trail Making Test A, Time (Trails A) 38.47 (13.17)
Trail Making Test B, Time (Trails B) 96.17 (44.11)
Letter Search, Time 92.66 (27.76)
Letter Search, Errors 1.53 (2.23)
Stroop-Word, Correct in 45 s 91.55 (14.36)
Stroop-Color, Correct in 45 s 65.22 (11.26)
Stroop-Word/Color, Correct in 45 s 31.54 (9.80)
Controlled Oral Word Association Test (COWAT) 40.19 (13.03)
Grooved Pegboard, Dominant Hand (Pegs-D) 94.25 (26.24)
WAIS-III Digit Span Subtest (Digit Span) 17.87 (3.67)
WAIS-III Digit-Symbol Coding Subtest (Coding) 56.09 (13.14)
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for all 20 participants. The limits of agreement were between
− .09 and .07 mm for 95% of the participants, and between
−1.15 and .10 mm for all participants. The Bland–Altman
plot of agreement between the two measurement methods is
represented in Fig. 3. The coefficient of repeatability (CR) for
the automated measurement was .12 with mean difference
(SD) between two automated IMT measurements of .01 (.06)
(see Fig. 4).

2.2.2. Neuropsychological assessment
All participants completed a two-hour neuropsychologi-

cal assessment including measures of global cognitive
functioning, language, memory, attention, executive func-
tioning, psychomotor speed, and visual–spatial ability (see
Table 2). The battery included standard clinical neuropsy-
chological instruments with established reliability and
validity [20]. All tests were administered and scored by a
Fig. 4. Bland–Altman plot of the agreement between two automated
measurements of IMT.
trained research assistant under the supervision of a licensed
clinical psychologist (RAC), using standard administration
and scoring criteria.

2.3. Data analyses

Neuropsychological measures were grouped into one of
five cognitive domains: 1) global cognitive functioning, 2)
language functions, 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 (MMSE) [21], Dementia
Rating Scale (DRS) [16]; 2) language: Boston Naming Test
(BNT) [22], Category Fluency for Animals (Animals) [23];
3) visual–spatial: WAIS-III Block Design Subtest (Block
Design) [24], Hooper Visual Organization Test (HVOT) [25],
Complex Figure Test (CFT) [20] copy; 4)memory: California
Verbal Learning Test (CVLT) [26] immediate recall, delayed
recall, and recognition discrimination, Complex Figure
Test (CFT) [20] immediate recall, delayed recall, and recog-
nition discrimination, Brief Visual Memory Test-Revised
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(BVMT-R) [27] delayed recall and recognition discrimination;
5) attention-executive-psychomotor functions: Trail Making
Test A and B (Trails) [28] time to completion, Stroop Test
(Stroop) [29] word, color, and color/word, Controlled Oral
Word Association Test (COWAT) [30], Letter Search [20] time
to completion and errors, WAIS-III Digit-Symbol Coding
Subtest (Coding) [24], WAIS-III Digit Span Subtest (Digit
Span) [24], and Grooved Pegboard, Dominant Hand (Pegs-D)
[31] time to completion. Participants' raw test scores were
converted to z-scores using the study sample mean and
standard deviation. Five composite cognitive domain z-scores
were calculated for each participant by averaging the z-scores
of all tests within that domain.

The relationship between IMT and level of neuropsycho-
logical test performance was analyzed by cognitive domain
using hierarchical linear regression analyses where the
composite domain z-scores were entered as the dependent
variable. In the first step of the regression analyses, the
relationship between IMT and cognition was adjusted for the
effects of age, education, and sex. In the second step, the
models were additionally adjusted for the effects of
cardiovascular risk factors such as history of hypertension,
hypercholesterolemia, diabetes and tobacco use as well as
current level of systolic blood pressure. The independent
contribution of IMT to variance in neuropsychological test
performance was estimated in the third step. In a secondary
analysis, the significant relationship between increased IMT
and poorer attention-executive-psychomotor performance
was explored further by including patients' history of CAD
as a covariate in the model. History of CAD was coded as
present if one of the following diagnoses was endorsed in the
health questionnaire: CAD, MI, angina pectoris, CABG, or
angioplasty/stent placement. The effect of medication class
on attention-executive-psychomotor functioning was also
explored in a follow-up analysis. Finally, we tested our
hypothesis that a certain level of vascular pathology has to be
reached (i.e. IMT≥0.9 mm) before higher IMT consistently
relates to poorer cognitive test performance. For the purposes
of this analysis, we divided our sample in two groups: a low
IMT group (IMTb0.9 mm), and a high IMT group
(IMT≥0.9 mm). Then, we compared the slopes of the linear
relationships between IMT and attention-executive-psycho-
motor performance in the two groups using a Student's t
statistic computed as the difference between the two slopes
divided by the standard error of the difference between the
slopes on (n−4) degrees of freedom. Data were analyzed
using SPSS 11.0 computer software (SPSS Inc., Chicago, IL).
A two-tailed alpha level of .05 was used as the criterion for
statistical significance for all primary analyses, and most
follow-up analyses. In the final follow-up analysis, a one-
tailed alpha level of .05 was used to test the unidirectional
hypothesis that the slope of the relationship between IMTand
attention-executive-psychomotor test performance in the
high IMT group will be steeper than the slope of the same
relationship in the low IMT group with higher IMT values
relating to poorer neuropsychological test performance.
3. Results

The raw cognitive test scores for the sample are sum-
marized in Table 2. The fully adjusted models successfully
predicted the level of cognitive performance in all five do-
mains: global (F(9,100)=2.40, pb .05), language (F(9,100)=
4.62, pb .001), visual–spatial (F(9,100)=2.11, pb .05),
memory (F(9,100)=2.44, pb .05), and attention-executive-
psychomotor (F(9,100)=3.66, pb .001).

Older age was significantly associated with poorer global
cognitive functioning (beta=− .23, pb0.05), weaker lan-
guage skills (beta=− .24, pb .01), lower attention-executive-
psychomotor performance (beta=− .32, pb .001), and a
trend toward diminished memory performance (beta=
− .19, p=.059).

Higher education was significantly associated with better
global cognitive functioning (beta= .32, pb .01), better
visual–spatial skills (beta= .30, pb .01), higher attention-
executive-psychomotor scores (beta= .21, pb .05), and better
memory performance (beta= .32, pb .01).

Independent of the effects of age, education, and sex,
neither history of hypertension, hypercholesterolemia, dia-
betes or tobacco use, nor current systolic blood pressure level
accounted for any unique variance in neuropsychological
test performance.

Increased IMT was significantly associated with poorer
neuropsychological test performance in the attention-execu-
tive-psychomotor domain (IMT beta=− .23, pb .05), indepen-
dent of age, education, sex, cardiovascular risk factors, and
current systolic blood pressure. This relationship remained
unchanged even when patients' history of CAD was also
included in the model as a covariate (F(10,100)=3.61,
pb .001; IMT beta=− .26, pb .01). IMTwas not independently
related to performance on measures of global cognitive
functioning, language, visual–spatial ability, or memory.

As a secondary aim, we explored the effects of medication
on attention-executive-psychomotor performance. We found
that, independent of the effects of age and education, none of
the medication classes (e.g. antihypertensive, hypoglycemic,
lipid lowering, etc.) had a significant effect on neuropsy-
chological test performance (R2 change= .05, F change (9,
82)= .67, p= .73). Therefore, the primary analysis was not
repeated with medication class as a covariate.

Finally, we tested our hypothesis that a certain level of
vascular pathology has to be reached (i.e. IMT≥0.9 mm)
before higher IMT consistently relates to poorer cognitive
test performance. We divided our sample in two groups, a
low IMT group (IMTb0.9 mm, n=64), and a high IMT
group (IMT≥0.9 mm, n=45), and compared the slopes of
the linear relationships between IMT and attention-execu-
tive-psychomotor performance in the two groups. Our results
showed that the slope in the high IMT group was
significantly steeper than the slope in the low IMT group
(t=1.77, pb .05) indicating a stronger relationship between
higher IMT and poorer neuropsychological test performance
in the high IMT group.
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4. Discussion

The present study found that increased carotid artery IMT
was associated with lower attention-executive-psychomotor
test performance in non-demented patients with a variety of
cardiovascular diagnoses. The effect was independent of age,
sex, education, cardiovascular risk, current systolic blood
pressure, and history of CAD. Our results are consistent with
findings demonstrating a significant relationship between
cognition and other measures of large artery structure and
function such as pulse wave velocity [32,33]. Our findings
are also consistent with Hachinski's proposed continuum of
vascular cognitive impairment ranging from the brain-at-risk
to vascular dementia where subtle declines in higher order
cognitive skills are observed well before the threshold for
dementia is reached.

A relationship between IMT and attention-executive-
psychomotor test performance, however, has been incon-
sistently reported in studies of community dwelling elderly
[1,12,13,15]. These differences are likely due to the fact that
IMT values in community samples are generally well below
the accepted cut off of 0.9 mm indicating vascular damage
from atherosclerosis [13,15]. For example, the mean IMT
(SD) in the sub-sample of participants in the Auperin et al.
study that showed no relationship between IMT and
measures of cognition, was 0.69 (0.14) mm as compared
to 0.73 (0.14) mm for the sub-sample where a modest
relationship was found [13]. In comparison, the mean IMT
(SD) in our study was 0.88 (0.13) mm. These results suggest
that a certain threshold of pathology may need to be reached
before IMT consistently relates to poor neuropsychological
test performance, and that the accepted clinical threshold of
IMT≥ 0.9 mm may apply to the risk of cognitive
impairment as well as atherosclerotic vascular damage. In
support of this threshold hypothesis, we demonstrated that
the slope of the linear relationship between IMT and
attention-executive-psychomotor performance was signifi-
cantly steeper in the high IMT sub-group of our study
sample (i.e. IMT≥0.9 mm) as compared to the slope of the
same relationship in the low IMTsub-group (IMTb0.9 mm)
indicating a stronger relationship between higher IMT and
poorer neuropsychological test performance in the high IMT
group.

Due to the cross-sectional design of our study, we can only
speculate about the nature of the observed relationship
between increased IMT and diminished attention-executive-
psychomotor functioning. Though it is unlikely that poor
cognition causes increases in IMT, it is possible, that both
increased IMT and lower neuropsychological test perfor-
mance may be related to a third variable, not considered in
this study. One may hypothesize, however, that atheroscle-
rosis of the small penetrating arteries of the brain as measured
by IMT contributes to chronic cerebral hypoperfusion and
ischemic damage even in the absence of frank infarctions.
This idea is supported by previous reports of impaired
attention-executive-psychomotor performance in patients
with documented subcortical white matter disease, presum-
ably of vascular origin [34–36]. Though the exact mechanism
through which subcortical white matter lesions relate to
cognition is unknown, a diaschisis model might be
applicable. Such amodel would suggest that vascular damage
to subcortical white matter disrupts higher order cognitive
functions by causing a disconnection between brain regions
responsible for storing, rehearsing, and organizing informa-
tion. Furthermore, mild, diffuse brain damage related to
chronic hypoperfusion may affect the brain's ability to
process information quickly and efficiently even in the
absence of discrete white matter lesions. A reduction in
cognitive processing speed is likely most detrimental to the
highest order cognitive functions such as complex attention
and planning ability. This hypothesis is supported by our
observation of a relationship between IMT and performance
on attention-executive-psychomotor tests in patients with
intact global cognition, language, and memory.

Interestingly, neither history of hypertension, nor a history
of diabetes was significantly related to cognitive performance
in our study. A possible explanation for this discrepancy
between our results and previous reports linking poor
cognition to hypertension [37] and disturbances in glucose
regulation [38] is that our sample consisted exclusively of
older patients with overt cardiovascular disease resulting in
high frequency of endorsement for all cardiovascular risk
factors. Thus, there was little variability in these risk factors
within the sample. For example, 75% of all study participants
reported a history of hypertension, and 44% endorsed a
history of hypercholesterolemia.

In summary, we found that increased IMTwas associated
with lower attention-executive-psychomotor functioning in
patients with a variety of cardiovascular diseases indepen-
dent of age, sex, education, cardiovascular risk and current
systolic blood pressure. The heterogeneity of our popula-
tion, and the fact that the relationship between IMT and
cognition remained significant even after adjustment for
traditional cardiovascular risk and history of CAD, suggest
that IMT has value as an integrative measure of arterial
health among patients with a variety of cardiovascular
diagnoses. Increased IMT in isolation, however, is likely
insufficient to contribute to significant vascular-related
pathology in the brain. Future studies should consider IMT
in conjunction with other variables known to be related to
cognition such as blood pressure variability [39], pulse wave
velocity [32,33], and systemic perfusion [40]. Furthermore,
the impact of these complex cardiovascular interactions on
brain morphology, metabolism, and activity should continue
to be explored.
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