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Objective: Higher circulating concentrations of cellular adhesion molecules (CAMs) can
be used as markers of endothelial dysfunction. Given that the brain is highly vascularized,
we assessed whether endothelial function is associated with cognitive performance.

Method: Within the Coronary Artery Risk Development in Young Adults (CARDIA) Studly,
excluding N = 54 with stroke before year 25, we studied CAMs among N = 2,690 black
and white men and women in CARDIA year 7 (1992—-1993, ages 25-37) and N = 2,848
in CARDIA year 15 (2000-2001, ages 33-45). We included subjects with levels of circu-
lating soluble CAMs measured in year 7 or 15 and cognitive function testing in year 25
(2010-2011, ages 43-55). Using multiple regression analysis, we evaluated the associa-
tion between CAMs and year 25 cognitive test scores: Rey Auditory Verbal Learning Test
(RAVLT, memory), Digit Symbol Substitution Test (DSST, speed of processing), and the
Stroop Test (executive function).

Result: All CAM concentrations were greater in year 15 vs. year 7. Adjusting for age,
race, sex, education, smoking, alcohol, diet, physical activity, participants in the fourth
vs. the first quartile of CARDIA year 7 of circulating intercellular adhesion molecule-1
(ICAM-1) scored worse on RAVLT, DSST, and Stroop Test (p < 0.05) in CARDIA year 25.
Other CAMs showed little association with cognitive test scores. Findings were similar
for ICAM-1 assessed at year 15. Adjustment for possibly mediating physical factors
attenuated the findings.

Conclusion: Higher circulating ICAM-1 at average ages 32 and 40 was associated with
lower cognitive skills at average age 50. The study is consistent with the hypothesis that
endothelial dysfunction is associated with worse short-term memory, speed of process-
ing, and executive function.

Keywords: cellular adhesion molecules, intercellular adhesion molecule-1, vascular cellular adhesion molecule-1,
selectin, cognitive function, Rey Auditory Verbal Learning Test, Digit Symbol Substitution Test, Stroop Test
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INTRODUCTION

Decline in cognitive function is a concern among older adults as
it rises with age (1, 2) and leads to loss of independent function
(3). Preserving cognitive function among the non-demented
general population remains an important public health challenge.
Because the brain is highly vascularized, impaired endothelial
function may play a role in progression to dementia.

Endothelial damage is considered to be expressed by elevated
levels of cellular adhesion molecules (CAMs) situated on vascular
endothelial cells. Adhesion molecules expressed on endothelial
cells are linked with atherogenesis (4). Additionally, endothelial
dysfunction, expressed by greater CAMs reduces vasodilation
and correlates with microvascular impaired endothelium depend-
ent vasodilation (4). More specifically, E-selectin and P-selectin
mediate the initial rolling of leukocytes while vascular cellular
adhesion molecule-1 (VCAM-1) and intercellular adhesion mol-
ecule-1 (ICAM-1) firmly attach and participate in migration of
leukocytes (5). The chemokine fractalkine expresses on endothe-
lial cells and plays an important role in leukocyte adhesion and
migration (6). With endothelial dysfunction, the capacity to
maintain homeostasis reduces, predisposing to vascular disease
and brain hypoperfusion (7-9). However, studies published
so far have not been able to establish the temporality between
endothelial dysfunction and neurodegenerative disease. Even less
attention has been given to the relationship between endothelial
dysfunction and lower cognitive function among healthy adults.
Therefore, it would be ideal to collect measurements of endothelial
dysfunction biomarkers before symptoms of neurodegenerative
diseases occur in a population-based study or signs and symptoms
of cognitive dysfunction occur among healthy adults.

The objective of this study was to assess the association
between endothelial function and cognitive test scores. In the
Coronary Artery Risk Development in Young Adults (CARDIA)
Study, endothelial dysfunction was measured by circulating
CAMs, namely sSICAM-1, VCAM-1, P-selectin, E-selectin, and
fractalkine in calendar years 1992-1993 and 2000-2001, whereas
cognitive test scores were obtained during 2010-2011. We hypo-
thesized that higher concentrations of CAMs were associated
with worse cognitive test scores. Worse cognitive test scores
in middle age are of interest because they are plausibly on the
trajectory to cognitive impairment. If higher circulating CAMs,
indicating greater endothelial dysfunction, are associated with
worse cognitive test scores measured 18 years later in young
middle-aged adults, it may indicate that young adults with worse
endothelial function are on a risk trajectory for developing cogni-
tive impairment in later life. In our study, we conceptualized that
poor vascular health, indicated by increased plasmalevel of CAMs
could adversely affect cognitive skills, including worse short-term
memory, problem-solving, and executive function (10-12).

MATERIALS AND METHODS

Subjects

Study Sample

Coronary Artery Risk Development in Young Adults is a prospec-
tive cohort in four-field centers: Birmingham, AL, Chicago, IL,

Minneapolis, MN, and Oakland, CA. The study included 5,115
black and white, men and women aged 18-30 years at baseline
in 1985 and 1986 (13). Institutional Review Board approval
and signed, and written informed consent were obtained from
all participants at each study center. For this study, participants
examined in year 7 and/or 15 who performed cognitive testing
at year 25 were eligible. A flowchart of inclusions and exclusions
is provided as Figure S1 in Supplementary Material. Excluded
from the analysis were those who did not attend in year 7 or 15
(n = 1,029 in year 7 analyses and n = 1,443 in year 15 analyses),
one participant who dropped out, stroke/transient ischemic
attack before year 25 (n = 54), no CAMs measured (n = 1,172
in year 7, n = 816 in year 15), no cognitive function tests in
year 25 (2010-2011) (n = 1,759), and those who missed covari-
ates (n = 1,523 at year 7 and n = 1,588 at year 15). Therefore,
we included up to 2,690 participants in any analysis involving
year 7 CAMs (1,798 for ICAM-1; 2,655 for VCAM-1; 2,662 for
P-selectin; 2,083 for E-selectin; 2,468 for fractalkine) and up to
2,848 participants in any analysis involving year 15 CAMs (2,665
for ICAM-1; 2,775 for VCAM-1; 2,788 for P-selectin; 2,645 for
E-selectin; 2,578 for fractalkine). The number of participants
varied by CAM because not all samples were made available to
the authors by the CARDIA leadership. Furthermore, concern-
ing ICAM-1, the assay in some participants was invalid because
we lacked a relevant single nucleotide polymorphism (SNP).
Therefore, the number of participants with assayed ICAM-1 was
substantially lower compared to other CAMsin year 7. All assayed
values entered our analysis; we did not exclude any people with
extremely low or high values.

Measurements

Blood Collection and Measurements of CAMs

Blood samples at CARDIA years 7 and 15 were processed and
stored at —70°C until blood samples were shipped on dry ice to
the central laboratory. Participants were asked to fast for at least
12 h, avoid excessive physical activity, and abstain from smoking
for at least 2 h before being examined. Circulating soluble CAMs
were assayed at the Molecular Epidemiology and Biomarker
Research Laboratory in the University of Minnesota as part
of two ancillary studies: the Young Adult Longitudinal Trends
in Antioxidants and a grant from the American Recovery and
Reinvestment Act of 2009.

All CAMs were assayed with sandwich ELISA methods from
R&D systems (Minneapolis, MN, USA) (14). Serum ICAM-1 from
years 7 and 15 exams were diluted 10- and 400-fold, and plasma
VCAM-1 samples were diluted 21-fold. The within plus between
day coefficients of variation (CV) were <10% for ICAM-1, 8.4%
for VCAM-1, 10.5% for P-selectin, 7.7% for e-Selectin, and 7.5%
for fractalkine. Because assays were performed several years apart
(year 15 ICAM-1 and P-selectin in 2003, the remaining variables
in 2012), we recalibrated year 7 sICAM-1 and P-selectin for
compatibility with the early assays as previously described (14).
We note that the assay depends on the rs5491 SNP in the ICAM-1
gene, almost solely restricted to black participants, which alters
the ICAM-1 protein and biochemical detectability. While we
had this polymorphism information in most participants, we
lacked it in 223 persons at year 7, so their ICAM-1 assays were
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not usable. In people with missing year 15 CAM, we substituted
the recalibrated year 7 value. Specifically, the year 7 CAM value
was recalibrated according to the simple linear regression of the
year 15 CAM on the year 7 CAM among pairs where both were
assayed.

Measurements of Cognitive Function

Cognitive function tests including Rey Auditory Verbal
Learning Test (RAVLT), Digit Symbol Substitution Test (DSST),
and Stroop Test were administered in year 25 (2010-2011). The
RAVLT examined the verbal learning and memory by assess-
ing the ability to correctly memorize and recall 15 words (15).
RAVLT used in CARDIA consists of five presentations of the
word list with recall, one presentation of a 15-item interfer-
ence list with recall, and a short delay free recall of the list.
Approximately 10 min later, participants were asked to recall
the original 15-item word list, unaided. The number of words
correctly recalled after this long delay was used in the analyses.
A greater number of words recalled (range 0-15) indicated bet-
ter cognitive performance.

The DSST measured psychomotor speed, sustained attention,
and working memory (16). DSST was carried out by asking
participants to fill in the empty boxes, substituting the correct
corresponding symbol. A greater number of digits correctly sub-
stituted (range 0-133) indicated better cognitive performance.

The Stroop Test evaluated executive function by assessing the
ability to view a complex visual stimulus and to respond while
suppressing the responses to another dimension (17). The test
was scored by the time to correctly state the ink color of the words
plus number of errors in a minute; thus, a higher score indicated
worse cognitive performance.

Other Measurements
Standard structured interview or self-administered questionnaires
were used to obtain demographic and behavioral information
among CARDIA participants at each examination. Educational
status was quantified as the self-reported number of years of
schooling completed. Smoking status was self-reported and clas-
sified as never, former, or current smokers. A physical activity
score was derived from the CARDIA physical activity history.
Alcohol intake was quantified from an alcohol use questionnaire.
Body weight was measured using a balance beam scale and height
(without shoes) using a centimeter ruler. Body mass index (BMI)
was calculated as weight (kg)/height (m?) (18). Plasma lipids
were measured enzymatically by Northwest Lipids Research
Laboratory (Seattle, WA, USA). Plasma C-reactive protein was
measured using a BNII nephelometer (Dade Behring, Deerfield,
IL, USA), with a CV 2.3-4.4% and inter-assay CV 2.1-5.7% (19).
Diabetes was determined by either being diagnosed with
fasting glucose level >126 mg/dL, self-report of antidiabetic
medication, or a 2-h postload glucose >200 mg/dL (20). Elevated
blood pressure was determined using the cut points 130 mmHg
(systolic blood pressure) and 85 mmHg (diastolic blood pressure)
or taking antihypertensive medication. We adjusted for the year
7 measurement of the a priori diet quality score, a diet pattern
that has been previously described and was previously shown to
correlate with CAMS (14) and cognitive function (21).

Statistical Analysis
Descriptive statistics of characteristics are described as mean + SD
or % for frequencies; in skewed distributions, a median (range)
was provided at year 7 and 15. Unadjusted Pearson correlation
coefficients were calculated between CAMs and cognitive function
test scores. Unadjusted correlation coefficients between repeated
measures of CAMs were calculated. Multiple linear regression
modeled the associations for each of the five CAMs at years 7
and 15 with cognitive function measured by RAVLT, DSST, and
Stroop Test in year 25. Test for trend used multivariable linear
regression models with continuous CAM concentration as pre-
dictors was also provided. To more fully describe the findings and
to study the appropriateness of treating the CAM as a continuous
variable, each of the five CAMs was categorized into quartiles. A
3 degree of freedom p value based on an F test for any difference
in cognitive test scores among the quartiles was computed. Model
1 was adjusted for age, sex, race (white, black), educational attain-
ment, and study center (Birmingham, Chicago, Minneapolis, and
Oakland). We further adjusted for lifestyle behaviors including
smoking, alcohol intake, physical activity, and a priori diet quality
score in model 2 and were further adjusted for physical factors,
BM]I, elevated blood pressure (including use of antihypertensive
medication), diabetes, blood lipids, and C-reactive protein in
model 3. Because the physical factors may be in the pathway
linking CAMs to cognitive test scores, we regarded model 2 as
deconfounding and model 3 as explanatory of mechanisms by
which CAMs may relate to cognitive function test scores.
Statistical testing was two-sided with type 1 error rate 0.05.
Statistical analyses were conducted using SAS 9.3 (SAS Institute
Inc., Cary, NC, USA).

RESULTS

Sample Characteristics and Change with
Aging

Among the 2,690 participants included in year 7 analysis, the
average age was 32 years; 42% were black and 45% were males;
23% were current smokers, less than 1% were diabetic, and 16%
had elevated blood pressure (including use of antihypertensive
medication) (Table 1).

The years of educational attainment, amount of physical activ-
ity, BMI, and concentrations of LDL cholesterol, triglycerides,
and ICAM-1, VCAM-1, P-selectin, E-selectin, and fractalkine
all increased in year 15 compared to year 7. The average year 7
a priori diet quality score was 68. Correlation between year 7 and
15 repeated measures was 0.66 for ICAM-1, 0.79 for VCAM-1,
0.65 for P-selectin, 0.82 for E-selectin, and 0.45 for fractalkine.
Correlations of CAMs measured in year 7 or year 15 with
each other were 0.26-0.43 for pairs of ICAM-1, P-selectin, and
E-selectin, and lower for other combinations. Some aspects of
the association of the CAMs have been reported previously (22,
23). In year 7, less educational attainment, less physical activity,
and lower quality diet were associated with higher ICAM-1,
P-selectin, and E-selectin concentrations, while current smoking,
higher BMI, hypertension, adverse blood lipid profile, and higher
C-reactive protein were associated with higher concentrations of
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TABLE 1 | Participant characteristics with circulating biomarkers
measurements of endothelial function in 1992-1993 and in 2000-2001,
and with cognitive measurement in 2010-2011: Coronary Artery Risk

Development in Young Adults.

Year 7 Year 15

(1992-1993) (2000-2001)
Participants (n) 2,690 2,848
Age (years) 32.2 + 3.6 40.3 + 3.6
Race (% Black) 42.2 43.5
Sex (% male) 44.7 43.3
Education (years) 149+ 25 15.1+25
Alcohol (mL/day)? 2.43 (0, 13.00) 2.43 (0, 13.29)
Smoking
Current (%) 23.0 19.8
Former (%) 17.3 18.4
Physical activity (exercise units)? 270 (140, 487.0) 288 (144, 498)
Body mass index (kg/m?) 26.5+5.9 28.6 +6.8
Diabetes (%) 0.82 3.72
Blood pressure
Elevated blood pressure 15.5 29.5
(>130/85 mmHg) (%)
Blood lipids
HDL cholesterol (mg/dL) 51.9+ 134 50.9 + 14.3
LDL cholesterol (mg/dL) 108.0 £ 31.0 112.8 £ 31.5
Triglycerides (mg/dL) 81.1+5622 908.5 +59.8
Dietary scoreP (score) 67.5+12.1 not done
Endothelial function biomarkers (soluble form)
ICAM-1 (ng/mL) 138.1 £ 30.8 162.7 +41.4
VCAM-1 (ng/mL) 528.1 + 1565.3 528.0 + 166.4
P-selectin (ng/mL) 28.2+9.3 36.7+11.2
E-selectin (ng/mL) 33.1 +14.6 34.4+134
Fractalkine (ng/mL) 0.54 +0.30 0.58 +0.17
Inflammatory biomarker
C-reactive protein (ng/ml) 27+79 20+27
Cognitive function test
Rey Auditory Verbal Learning Test (words) 8.5+ 3.2 8.5+ 3.2
Digit Symbol Substitution Test (symbols) 709 + 156.8 70.8 +156.8
Stroop Test (seconds + errors) 444 +129 446 +12.9

Data are presented as mean + SD.

aData displayed are median (interquartile range).
bDietary score was not measured in year 15.

ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cellular adhesion

molecule-1.

these CAMs. Associations of covariables with VCAM-1 concen-
trations were often opposite in direction to the associations with
ICAM-1, P-selectin, and E-selectin concentrations. Fractalkine
concentration had low positive correlations with alcohol intake
and physical activity, but other covariables had little correlation
with fractalkine concentrations (data not shown). Race and
sex differences (indicated for year 7 as correlations in Table 2)
have not previously been reported. ICAM-1, E-selectin, and
fractalkine had higher concentrations in blacks (149.8 + 25.8,
35.6 + 14.8, and 0.55 + 0.40, respectively, in year 7, 163.5 + 43.1,
37.1 + 13.0, and 0.59 + 0.18, respectively, in year 15) compared
to whites (132.2 + 32.7, 31.6 + 14.2, and 0.53 + 0.15 in year
7, and 145.2 + 36.1, 32.0 + 12.5, and 0.57 + 0.14 in year 15).
P-selectin was higher in blacks in year 7 only (28.7 + 9.1) com-
pared to whites (28.0 & 9.3). VCAM-1 was higher among whites
in years 7 and 15 (570.0 + 149.8 and 568.8 + 156.0, respectively)
compared to blacks (471.3 + 143.7 and 477.0 £+ 155.9, respec-
tively). Men had a higher concentration of P-selectin (year 7:
31.1 & 0.3, year 15: 39.4 + 10.8), E-selectin (year 7: 36.8 + 14.3,
year 15: 37.3 + 13.1), and fractalkine (year 7: 0.57 + 0.40, year
15: 0.59 + 0.10) in either year compared to women (year 7:
26.1 + 8.2, year 15: 34.4 + 10.2 for P-selectin, year 7: 30.3 + 14.0,
year 15:31.8 + 12.4 for E-selectin, and year 7: 0.52 + 0.10, year 15:
0.57 + 0.17 for fractalkine). ICAM-1 and VCAM-1 did not differ
between sexes in either year.

CAMs and Cognitive Function:

Adjusted Models

Participants in the fourth (highest) quartile of year 7 ICAM-1
concentration had worse cognitive function tests in RAVLT,
DSST, and Stroop Tests compared to those in the first (lowest)
quartile of ICAM-1 concentration after adjusting for demo-
graphic and lifestyle behaviors (B = —0.56, B = —3.70, and
B =2.67, all p value < 0.05, respectively, Table 3, model 2). The
associations with DSST and Stroop Tests looked like threshold
relationships. With further adjustment for physical variables
(Table 3, model 3), the association among higher ICAM-1

TABLE 2 | Pearson correlation coefficients between year 7 circulating cellular adhesion molecules and other variables measured at year 7.

ICAM-1 VCAM-1 P-selectin E-selectin Fractalkine

Age (years) -0.03 0.06* 0.05* 0.05 -0.02
White race -0.28" 0.32* -0.04 -0.14* -0.04
Female -0.03 -0.04 -0.28* -0.22* -0.09*
Education (years) -0.26* 0.16* -0.10* -0.17* -0.02
Alcohol (mL/day) —-0.01 —-0.06* 0.09* 0.11* 0.07*
Current smoking 0.31* -0.10* 0.07* 0.07* -0.04
Physical activity (exercise units) 0.14* 0.03 0.05* <0.01 0.07*
Body mass index (kg/m?) 0.24* -0.15* 0.13* 0.28* -0.04
Diabetes <0.01 <0.01 0.07* 0.06* 0.01
Blood pressure (mmHg) 0.10* -0.06* 0.14* 0.16* 0.06*
Blood lipids

HDL cholesterol (mg/dL) -0.19* -0.03 -0.15* -0.20* <0.01
LDL cholesterol (mg/dL) 0.13* -0.13* 0.14* 0.13* 0.03
Triglycerides (mg/dL) 0.15* -0.07* 0.20* 0.24* <0.01
Dietary score (score) -0.26* 0.11* -0.14* -0.19* -0.04

ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cellular adhesion molecule-1.

*Significant correlation (p < 0.017).
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TABLE 3 | Regression coefficients (95% CI) of year 25 cognitive test per year 7 intercellular adhesion molecule-1 (ICAM-1) (N = 1,798 for ICAM-1).

Quartiles of ICAM-1 (ng/ml) p Value (3 df) p Trend

Q1 (N = 449) Q2 (N = 450) Q3 (N = 450) Q4 (N = 459)

62.69-117.81 117.82-135.35 135.36-152.80 152.81-362.87
Rey Auditory Verbal Learning Test
Model 12 0 —-0.19 (-0.56, 0.18) -0.42 (-0.81, —=0.03) -0.61 (-=1.02, —0.20) 0.02 0.01
Model 2° 0 —-0.19 (-0.56, 0.18) —0.41 (-0.82, 0.00) —-0.56 (-=0.99, —-0.13) 0.05 0.03
Model 3¢ 0 —-0.15 (-0.52, 0.22) —-0.39 (-0.80, 0.02) —-0.47 (-0.92, —-0.02) 0.14 0.09
Digit Symbol Substitution Test
Model 12 0 —1.09 (-2.85, 067) -0.03(-1.87, 1.81) -3.70 (-2.25, 1.51) <0.01 <0.01
Model 2° 0 —-0.88 (-2.64, 0.88) 0.36 (-1.50, 2.22) -2.71 (-4.69, —-0.73) <0.01 <0.01
Model 3¢ 0 —0.77 (-2.58, 0.99) 0.52 (-1.38, 2.42) —2.28 (-4.34, -0.22) 0.02 0.01
Stroop Test
Model 12 0 0.03 (—1.48, 1.54) 0.32 (-1.27,1.91) 2.67 (1.06, 4.28) <0.01 <0.01
Model 2° 0 —-0.14 (-1.65, 1.37) 0.03 (-1.56, 1.62) 1.87 (0.18, 3.56) 0.05 <0.01
Model 3¢ 0 —0.29 (=1.80, 1.22) —0.24 (-1.87, 1.39) 1.29 (-0.47, 3.05) 0.19 0.01

Each regression coefficient is the mean cognitive test score difference from the cognitive test score in quartile 1 of the given cellular adhesion molecule (CAM). p Trend is computed

across the continuous CAM variable.
aModel 1: adjusted for age, race, sex, education, and center.
bModel 2: model 1 + smoking, alcohol, physical activity, and a priori diet quality score.

°Model 3: model 2 + body mass index, elevated blood pressure (including use of antihypertensive medication), diabetes, blood lipids, and C-reactive protein.

and RAVLT and DSST cognitive test scores was attenuated
yet remained significant (fourth vs. first quartile of ICAM-1:
RAVLT p = —0.47, p = 0.04, DSST f = —2.28, p = 0.03), while
the association between CAMs and Stroop Test were attenu-
ated to non-significance. None of the cognitive function test
scores were significantly associated with VCAM-1, P-selectin,
E-selectin, or fractalkine measured in year 7 in model 2 (Table
S1 in Supplementary Material).

Findings were of similar strength and significance for year 15
CAMs predicting year 25 cognitive function test scores. After
adjusting for demographic and lifestyle behaviors, higher concen-
tration of ICAM-1 was associated with worse DSST (f = —2.51
p < 0.01) and Stroop Test scores (p = 1.65, p = 0.01) (Table 4,
model 2). The association with Stroop Test was attenuated to
non-significance after physical variables were adjusted.

In a sensitivity analysis, the regression coeflicients were
similar in magnitude when the analysis was restricted to 1,017
participants who had all CAMs measured at both year 7 and year
15 or restricting to those who had both measures of a particu-
lar CAM (ICAM-1 n = 1,516; VCAM-1 n = 2,245; P-selectin
n = 2,247; E-selectin n = 1,721; fractalkine n = 2,039). Several
other sensitivity analyses were done (data not shown). The change
in ICAM-1 measured in year 15 minus year 7 was available in
1,516 participants but was not significantly associated with any
of the year 25 cognitive test scores. However, year 7 ICAM-1
remained significantly associated as in Table 2 when added to a
model which included ICAM-1 change. Cognitive function was
not related to change in the other CAMs or fractalkine. Findings
were similar to those reported here using the average of year 7 and
year 15 CAMs. The sum of standardized deviates of all the CAMs
and fractalkine was not related to cognitive function.

DISCUSSION

This study provides support for the concept that endothelial
dysfunction (measured at age 25-37 years old) is associated

with cognitive function measured years later in middle age
(43-55 years old). People in the highest vs. lowest quartile of
ICAM-1 in years 7 and 15 (average ages 32 and 40) had worse
cognitive test scores related to psychomotor speed and attention
(DSST) and executive function (Stroop Test) measured at average
age 50, and similarly for ICAM-1 measured at year 15 (aver-
age age 40). RAVLT (short-term memory) was associated with
worse ICAM-1 in year 7. Other circulating CAMs (years 7 and
15), namely, VCAM-1, P-selectin, E-selectin, and the chemokine
fractalkine were not associated with cognitive function. The
association with ICAM-1 might be of a threshold type, given that
the highest quartile of year 7 ICAM-1 was significantly associ-
ated with worse cognitive test scores in each test compared to the
lowest ICAM-1 quartile, with little gradient in-between; however,
findings with year 15 ICAM-1 were more graded. Adjustment for
physical factors including BMI, elevated blood pressure, diabetes,
blood lipids, and C-reactive protein attenuated the association
between ICAM-1 and cognitive test scores, mostly to non-
significance, evidenced based on the 3 degree of freedom test; we
consider this attenuation to be explanatory, in that these physical
factors could be on a pathway between ICAM-1 and cognitive
test scores.

Although vascular, neurovascular, and endothelial risk factors
measured at the cellular level are associated with dementia in
elderly populations (24-38), inconsistent associations have been
reported between plasma endothelial dysfunction markers and the
risk of cognitive impairment (39-41). Circulating CAMs are easy
to measure in human subjects and are commonly used as markers
of endothelial dysfunction. Circulating ICAM-1, P-selectin, and
E-selectin are correlated with each other, as expected (4-8). In the
present paper, ICAM-1 was the only circulating CAM that was
consistently associated with worse cognitive test scores. In earlier
studies, ICAM-1 predicted presence of coronary artery calcifi-
cation (other CAMs were not studied) (23), and only ICAM-1
and E-selectin predicted future diabetes (22). Circulating CAMs
appear not to capture some known characteristics of CAMs as
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TABLE 4 | Regression coefficients (95% CI) of year 25 cognitive test per year 15 intercellular adhesion molecule-1 (ICAM-1) and E-selectin (N = 2,665 for

ICAM-1).
Quartiles of ICAM-1 (ng/ml) p Value (3 df) p Trend

Q1 (N = 666) Q2 (N = 666) Q3 (N = 667) Q4 (N = 666)

55.85-125.51 125.52-146.11 146.12-169.75 169.76-534.56
Rey Auditory Verbal Learning Test
Model 12 0 —-0.08 (-0.39, 0.23) —-0.01 (-0.32, 0.30) —-0.14 (-0.47, 0.19) 0.81 0.33
Model 2° 0 —0.09 (-0.40, 0.22) 0.00 (-0.31, 0.31) —0.09 (-0.42, 0.24) 0.88 0.56
Model 3¢ 0 —0.09 (-0.40, 0.22) 0.00 (-0.31, 0.31) —-0.05 (-0.40, 0.30) 0.93 0.91
Digit Symbol Substitution Test
Model 12 0 —1.83 (-3.26, —0.40) —2.23 (-3.68, —0.78) —3.41(-4.92, —1.90) <0.01 <0.01
Model 2° 0 -1.79 (-3.22, -0.36) —1.98 (-3.43, -0.593) —2.51 (-4.06, —0.96) 0.01 <0.01
Model 3¢ 0 —1.65(-3.08, -0.22) -1.61(-3.09, -0.12) -1.72 (-3.37, —0.07) 0.08 <0.01
Stroop Test
Model 12 0 1.33(0.11, 2.54) 1.562(0.29, 2.75) 2.01(0.74, 3.28) 0.01 <0.01
Model 2° 0 1.33(0.11, 2.54) 1.43 (0.20, 2.66) 1.65 (0.34, 2.96) 0.05 <0.01
Model 3¢ 0 1.19 (-0.04, 2.42) 1.10(-0.17, 2.37) 0.89 (-0.50, 2.28) 0.23 0.05

Each regression coefficient is the mean cognitive test score difference from the cognitive test score in quartile 1 of the given cellular adhesion molecule (CAM). p Trend is computed

across the continuous CAM variable.
aModel 1: adjusted for age, race, sex, education, and center.
bModel 2: model 1 + smoking, alcohol, physical activity, and a priori diet quality score.

°Model 3: model 2 + body mass index, elevated blood pressure (including use of antihypertensive medication), diabetes, blood lipids, and C-reactive protein.

they interact with each other in the endothelium; therefore, the
levels of circulating CAMs may be less sensitive indicators than
cellular CAMs. The observations reported here should be inter-
preted with caution and may not eliminate the possibility that
associations of cognitive function exist with endothelial function
in the endothelium itself.

A number of studies suggest that cerebrovascular dysfunction
plays a role in the development of neurodegenerative diseases
(11), including decline in cognitive function. Epidemiological
studies including the Honolulu-Asia Study (24), Rotterdam
Study (25, 26), EURODEM (27), and Kungsholmen Project (28)
report several vascular risk factors such as high blood pressure,
diabetes mellitus, atherosclerosis, apolipoprotein E, heart failure,
and recent strokes being associated with dementia, which causes
cerebral hypoperfusion (24, 26, 28). Similarly, the Framingham
study reports general cardiovascular disease and stroke risk
scores to be correlated with cognitive decline in late middle
age. Thus, studies suggest cardiovascular disease and stroke risk
scores to be targetable risk factors for assessing risk of cognitive
dysfunction (29). Other current literature suggests endothelial
dysfunction is involved in the pathogenesis of neurodegenerative
diseases and Alzheimer’s disease (11). Therefore, if endothelial
dysfunction, measured by circulating CAMs, is associated with
worse cognitive test scores, endothelial function may represent
a possible modifiable risk factor to prevent Alzheimer’s disease
and/or to delay cognitive decline.

A prospective study with 452 Scottish men and women
initially aged 73 years who were followed for 16 years and had
measurements of ICAM-1, VCAM-1, and E-selectin showed
similar results indicating ICAM-1 was associated with worse
cognitive function test scores especially with the speed of
processing information and executive function of frontal lobe.
Similar to our study, the Edinburgh Artery Study reported no
association of VCAM-1 and E-selectin with verbal memory, the

speed of processing information, and executive function (42).
A population-based cohort study with 377 participants which
combined vWEF, ICAM-1, VCAM-1, thrombomodulin, and
E-selectin to create an overall index of endothelial dysfunction
reported an inverse association between these endothelial dys-
function markers and information processing speed/attention
and executive functioning (43), corresponding to DSST and
Stroop Test in our study. This study did not report findings for
individual CAMs. No other studies have looked at the associa-
tions of P-selectin and fractalkine with cognitive function.

A strength of our study is use of a large community-based
prospective cohort including more than 2,500 healthy middle-
aged participants, allowing generalization of the study results to
middle-aged US whites and African Americans. Additionally, the
age of our subjects when cognitive function tests were performed
ranged from 43 to 55 years old, younger than in most other stud-
ies where the age was around 70s at baseline.

A limitation of our study is that we did not have the same
participants in years 7 and 15; however, this could be seen as a
strength, because our findings were robust regardless of whether
the CAMs were obtained at either CARDIA year 7 or 15, or
restricting it to people who had both measures. Furthermore,
CARDIA does not have baseline data for the cognitive function
tests used at year 25, which makes it difficult to determine the
temporality and inference about the causality between the mark-
ers of endothelial dysfunction and cognitive function. Therefore,
further studies with longitudinal cognitive function data are
needed to explore the temporal association between endothelial
dysfunction and cognitive performance among middle-aged
healthy participants. The restriction of our sample size to 1,516
for study of 8 year change in ICAM-1 may have contributed to
lack of association of CAM change with any of the year 25 cogni-
tive test scores. Furthermore, as is the case in all observational
epidemiologic studies, our study is limited by potential residual
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confounding from unmeasured or unknown confounders, which
could result in false positive findings.

CONCLUSION

In conclusion, our study provides results consistent with other
studies finding that higher concentration of ICAM-1 (particu-
larly in its highest quartile) is associated with worse cognitive
function test scores. These lower cognitive test scores in middle
age are of interest because they may be on a trajectory to cognitive
impairment, although the idea of a trajectory must be confirmed
in future study. The concept that vascular health is associated with
subclinically lower cognitive scores, as well as with frank demen-
tia, is of substantial interest. With the increasing prevalence of
older adults with cognitive deficits, along with the Healthy People
2020s goal, it is important to improve the identification of and
care for those who are at risk.
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