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Abstract

Background: Increasing evidence suggests that hypertension is a risk factor for cognitive
impairment and dementia. The relationship between blood pressure and cognition in a racially
and ethnically diverse population remains unclear.

Objective: To study association of blood pressure with cognition cross-sectionally and
longitudinally in the elderly.

Methods: Participants are stroke-free individuals from the racially and ethnically diverse
Northern Manhattan Study (NOMAS) (7= 1215). General linear models are constructed to
examine blood pressure in relation to cognition cross-sectionally and longitudinally at a five-year
follow-up.

Results: We found a cross-sectional association of systolic blood pressure (SBP) with word
fluency/semantic memory, executive function, and processing speed/visual motor integration
(VM) function. This association was independent of demographics, vascular risk factors, white
matter hyperintensity volume (WMHYV), and carotid intima-media thickness (cIMT). The cross-
sectional association of SBP with processing speed/VVMI and executive function was attenuated
after adjusting anti-hypertension medications in the models. Baseline SBP was associated with the
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change of processing speed/VVMI function after adjusting vascular risk factors, WMHYV, and cIMT
at a 5-year follow-up. This longitudinal association was not found after adjusting anti-hypertension
medications in the models. Further analyses revealed that individuals with category SBP from

< 120mmHg to = 140mmHg had a linear decline in processing speed/VMI function at a 5-year
follow-up.

Conclusion: We show that SBP is negatively associated with cognition cross-sectionally and
longitudinally in the elderly. Anti-hypertension treatment eliminates the negative association of
SBP with processing speed/VMI function longitudinally. Our findings support the treatment of
stage 1 systolic hypertension in the elderly.
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INTRODUCTION

Increasing evidence suggests that hypertension is a risk factor for cognitive impairment and
dementia [1, 2]. Individuals with high blood pressure are associated with lower scores on
Mini-Mental State Examination (MMSE), slowed processing speed, and impaired executive
function [3-5]. High blood pressure in midlife is a strong predictor of poor cognitive
performance in later life [3, 6-9]. Our study shows that blood pressure, among other
metabolic syndrome factors, is a strong correlate of cognitive performance in the Northern
Manhattan Study (NOMAS) cohort [10]. On the contrary, no association of hypertension
with cognitive performance has also been reported [11-13].

In the elderly, isolated systolic hypertension is the most common form of hypertension [14].
It is the leading cause of cardiovascular mortality and morbidity in old adults [15-17]. The
relationship between blood pressure and cognition in the elderly is particularly complex as
older people accumulate other vascular risk factors of cognitive impairment in addition to
hypertension and aging [1, 18, 19].

In racial/ethinic minorities, the disparities in hypertension prevalence, morbidity, and
mortality have been reported [20]. Midlife systolic blood pressure (SBP), but not late-life,
is associated with steeper cognitive decline as blood pressure increased in white individuals
not in African American in a 20-year follow-up [21]. Another study shows mean SBP level
in Black individuals is associated with significantly faster decline in global cognition and
memory but slower declines in executive function [22]. Among Hispanics, the individuals
with history of hypertension are reported to be associated with poorer executive function

as compared to non-Hispanic whites [23]. Taken together, the relationship between blood
pressure and cognition among multi-ethnic and racial groups remains to be investigated.

Recent SPRINT-MIND study reports that intensive blood pressure control significantly
reduces the risk of mild cognitive impairment but not a risk of probable dementia [24].
A meta-analysis of 14 randomized clinical trials (96, 158 participants) shows lowing
blood pressure with anti-hypertensive drugs is significantly associated with a low risk of
both incident dementia or cognitive impairment [25]. Given that hypertension is a highly
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modifiable factor for various medical conditions, further research examining the relationship
between blood pressure and cognitive function in racially/ethnically diverse elderly is
warranted.

We hypothesized that there was a relationship between blood pressure and cognition in the
racially/ethnically diverse elderly. We examined the associations between blood pressure and
cognition, the latter organized by individual domains at baseline and follow-up visits in a
racially and ethnically diverse population, using baseline and follow-up cognitive data.

MATERIALS AND METHODS
The northern Manhattan study (NOMAS)

NOMAS is an ongoing, prospective NIH-funded population-based cohort study [26]. The
participants were eligible if never diagnosed with clinical stroke, = 40 years age, and
resident of Northern Manhattan = 3 months in a household with a telephone. Initial

visit data were collected between 1993 and 2001 by trained bilingual research assistants.
There were a total of 3,298 participants enrolled. All participants underwent a baseline
evaluation of demographic characteristics, health behaviors, and health status, including
comprehensive medical history, physical/neurologic examination, medical record review,
and fasting blood samples. Standardized questions were adapted from the Centers for
Disease Control and Prevention Behavioral Risk Factor Surveillance System. From 2003

to 2008, 1,290 stroke-free participants, aged 50 years and older, who were eligible for MRI
were enrolled in the MRI sub-study. For this study at baseline visit (MRI study), there

were 1,215 participants who completed all of assessment required for the analyses. For the
analyses at follow-up visit, there are 830 participants. The characteristics of the participants
at baseline visit, the participants at follow-up visit, and excluded cases are reported in Table
1 and Supplementary Table 1. All participants signed informed consent and the institutional
review boards of Columbia University and the University of Miami approved the study.

Blood pressure measurement

Blood pressure was measured twice using mercury sphygmomanometers when the
participants were enrolled in the MRI sub-study. Blood pressure was usually measured the
same day when participants had neuro-psychological testing and brain MRI scan. Averaged
SBP and diastolic blood pressure (DBP) were used in this analysis.

Hypertension was defined as SBP = 140; DBP = 90 mm Hg; or use of anti-hypertensive
medications as reported in the study questionnaire. Pulse pressure (PP) was obtained by
subtracting DBP from SBP.

Carotid intima media thickness (cIMT)

Carotid ultrasound was performed according to the standard scanning and reading protocols
by a trained and certified sinologist. Measurement of cIMT was performed outside the areas
of carotid plaque. Excellent reliability in our measures of cIMT was reported previously
[27]. cIMT was measured using an automated computerized edge tracking software (M’Ath,
Intelligence in Medical Technologies, Inc, Paris, France), which improved precision and
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reduced variance of the measurements. The carotid artery segments were defined as follows:
1) near and far wall of the segment extending from 10 to 20 mm proximal to the tip

of the flow divider into the common carotid artery; 2) near and far wall of the carotid
bifurcation beginning at the tip of the flow divider and extending 10 mm proximal to the
flow divider tip; and 3) near and far wall of the proximal 10 mm of the internal carotid
artery. The composite IMT was calculated as the means of near and far wall IMT of all
carotid segments.

Neuropsychological testing and cognitive domain scores

At the MRI sub-study enrollment visits, all participants who underwent the brain MRI

also completed a neuropsychological (NP) battery in English or Spanish based on their
preferred language. To determine cognitive domains, we explored interrelationships among
individual NP test scores with factor analysis and used a Scree plot of eigenvalues to
determine the number of constructs (domains). We computed composite scores for each

of four domains by averaging individual z-scores transformed from raw test scores, as
previously described: 1) episodic memory: sub-scores from a 12-word 5-trial list-learning
task; 2) executive function: time to complete Color Trails, color trail 2 minus Color Trails 1
and the sum of Odd-Man-Out subtests 2 and 4; 3) processing speed/visual motor integration
(VMI): non-dominant hand Grooved Pegboard times, Color Trails 1 time, and Visual-Motor
Integration test scores (copy test of 6 figures, max points = 18); 4) semantic memory/word
fluency: picture naming (modified Boston Naming), category fluency (Animal Naming), and
phonemic fluency (letters C, F, L in English speakers and P, S, V in Spanish speakers)
[28-30]. Participants were invited to be re-assessed with the same neuropsychological test
battery 5 years after their original testing, provided they could still give informed consent
and were well enough to sit for testing. A total of 989 subjects completed the follow-up NP
testing at an average of 5 years (5.2 £ 0.4 years). A total of 830 subjects was included in the
analyses as these subjects completed all of other measures.

To measure change in cognitive performance between the two NP testing sessions, we
subtracted the z-scores of the second NP test scores from the first ones.

APOE genotyping

DNA samples were extracted from peripheral blood white cells using Hhal digestion and
amplified by polymerase chain reaction, as previously described [31]. APOE &4 carriers
were categorized as individuals with a genotype of APOE e4le2, APOE &4l e4, or APOE
4l 3.

Brain MRI measurements

Brain MRI scans were obtained from 2003 to 2008, usually on the same day as the
neuropsychological testing, depending on scanner availability. We used a 1.5 T Philips Intera
scanner (Philips, Best, the Netherlands) at Columbia University Medical Center. Images
were transferred electronically to University of California, Davis for morpho-metric analysis
of total cerebral volume and white matter hyperintensity volume (WMHV) using T1 and
fluid- attenuated inversion recovery sequences. WMHYV was calculated as the sum of voxels
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> 3.5 SDs above the mean image intensity multiplied by pixel dimensions and section
thickness, and adjusted for total cranial volume, as described previously [28, 32].

Statistical analyses

RESULTS

To examine the association between blood pressure and cognitive composite scores at time
of first neuropsychological assessment and follow-up, we built a series of linear regression
models adjusting for potential confounders. The continuous variables of SBP, DBP, and PP
were used as independent variables for cognitive domains including episodic memory, word
fluency/semantic memory, processing speed/VVMI and executive function. For the cross-
sectional study, model 1 was adjusted for age, sex, educational attainment, APOE status,
and race/ethnicity with or without anti-hypertension medications in the model; model 2 was
adjusted for other vascular risk factors including blood glucose levels, cholesterol levels,
body mass index, and smoking status with or without anti-hypertension medications in the
model; model 3 was adjusted for WMHYV with or without anti-hypertension medications

in the model; model 4 was adjusted for carotid intima-media thickness with or without
anti-hypertension medications in the model. For the longitudinal study, we used SBP at the
time of the first neuropsychological assessment as a predictor and cognitive change score
after 5 years as an outcome. The follow-up duration and baseline cognitive scores were
included in each model of longitudinal study with or without anti-hypertension medications
in the models. All data analyses were performed using statistical software SAS version 9.3
(SAS institute, Cary, NC). The level of statistical significance was set at p < 0.05.

Demographic information on study participants

Table 1 describes the demographics of our sample at MRI (baseline) visit. There were 1,215
stroke-free participants in this study. The mean age of the participants was 71 + 9 years old.
SBP and DBP were 136 + 17 mm Hg and 78 £ 10 mm Hg, respectively. At baseline, 40% of
the participants were male, 73% of the participants had a diagnosis of hypertension, 24% of
the participants had a diagnosis of diabetes, and 39% of the participants had a diagnosis of
hyperlipidemia. Mean body mass index was 28 + 5 and MMSE score was 27 + 3.

Comparison of cognitive performance between individuals with hypertension and those
without hypertension

Figure 1 shows cognitive performance in participants with and without hypertension. The
mean z-scores of cognitive performance were adjusted for age, education, sex, APOE
genotype, and race-ethnicity. Those with hypertension had poorer cognitive performance
in word fluency/semantic memory (p = 0.001), processing speed/VMI (p < 0.001), and
executive function (p < 0.001) as compared to those without hypertension.

Cross-sectional association of SBP with cognitive performance at baseline visit

Table 2 shows SBP and PP, but not DBP, were in versely associated with word fluency/
semantic memory, processing speed/\VVMI, and executive function independent of age,
education, sex, APOE status, and race-ethnicity in the participants without anti-hypertension
meds. Further analyses of association of SBP with cognitive performance by domains were
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conducted in a series of multivariate linear regression models (Table 3). SBP was inversely
associated with cognitive performance across all domains in an unadjusted model (data
not shown). After adjusting for age, education, sex, APOE status, and race-ethnicity, SBP
(per 10 mmHg) was associated with cognitive domains of word fluency/semantic memory,
processing speed/\VVMI and executive function ( = —0.048, p=0.0003; p = -0.046, p=
0.0007; and B = -0.042, p = 0.003), but not episodic memory (p = —0.006, p= 0.68)
(Table 3). In model 2, SBP remained associated with word fluency/semantic memory,
processing speed/\VVMI, and executive function after adjusting for vascular risk factors (p =
-0.054, p<0.0001; B = -0.040, p=0.004; and p = -0.039, p=0.006). SBP remained
independently associated with word fluency, processing speed/VVMI and executive function
after adjusting for white matter hyperintensity volume in model 3; and after adjustment for
carotid artery intimal medial thickness in model 4 (B = —0.044, p=0.001; p = -0.034,
p=0.016 and p = —0.031, p=0.034). In addition, we included insurance status as a

social disadvantage confounding variable in the models to analyze the association of SBP
with processing speed/VMI function. The significant association of SBP with processing
speed/VVMI function remained no change (data not shown).

Association of SBP with processing speed/VMI, and executive function was attenuated but
remained significant in the presence of anti-hypertension medications status in the models
(Table 3).

Longitudinal association of SBP with cognitive performance

Table 4 provides a longitudinal association between SBP at MRI visit (baseline) and
cognitive change scores at a 5-year follow-up using multivariate linear regression models.
There was no longitudinal association of SBP with episodic memory, word fluency/semantic
memory, and executive function. The longitudinal association of SBP with processing
speed/VMI function was found after adjusting demographic information and vascular risk
factors (B = —0.026, p= 0.046) (model 2). The association of SBP with processing
speed/VMI function remained significant after adjusting WMHYV in model 3 (B = —0.026,
p=0.050) and carotid artery intima media thickness in model 4 (§ = —0.029, p = 0.032).

In addition, insurance status as a social disadvantage cofounder was included in the models.
Association of SBP with processing speed/VVMI remained significant (data not shown).

In addition, we analyzed the association of SBP with cognitive change in the presence of
anti-hypertension medications status in these models. There was no association of SBP with
processing speed/VMI function in the presence of anti-hypertension medications status in
the models (Table 4).

Longitudinal decline of processing speed/VMI in the participants with different category

SBP

In order to characterize the longitudinal decline of processing speed/VMI function in
association with category SBP, the participants aged = 60 years and MMSE score >24 were
classified into 4 groups (SBP < 120 mmHg, 7= 98; SBP 120-129 mmHg, n= 176; SBP
130-139 mmHg, 7= 207; and SBP > 140 mmHg, n=317). Figure 2 shows mean z-scores of
processing speed/VMI function is linearly declined as SBP increases from < 120 mmHg to
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> 140 mmHg, independent from age, education, sex, APOE status, and race-ethnicity (p for
trend = 0.02).
DISCUSSION

In this multi-ethnic and stroke-free elderly population, SBP but not DBP is inversely
associated with cognitive performance, including word fluency/semantic memory,
processing speed/VMI, and executive function cross-sectionally. High SBP at baseline is
associated with the decline of processing speed/VMI function after adjusting vascular risk
factors at a 5-year follow-up in this cohort.

In the NOMAS, we previously examined the relationship between metabolic syndrome

and cognition cross-sectionally. Among the vascular risk factors included in the metabolic
syndrome, blood pressure was the strongest correlate with cognitive performance after
adjusting demographics and other vascular risk factors [10]. In this study, we have extended
the previous findings by showing a linear negative association between SBP and cognitive
domains cross-sectionally and between SPB and processing speed/VMI longitudinally in
this elderly population.

The finding that SBP rather than DBP affects cognitive performance in this cohort is
supported by several studies. As SBP progressively increases and DBP decreases after age
55 years, isolated systolic hypertension is the most common form of hypertension in elderly
[14]. SBP is an important risk predictor for cardiovascular disease, stroke and end-stage
renal disease in the elderly [15-17]. Recently, a large population study (512,891 adults, mean
age at 64 years) shows that SBP is continuously related to major vascular disease with no
evidence of a threshold down to 120mmHg at a 9- year follow-up [33]. Taken together, it

is suggested that SBP plays an important role in modulating heart, brain, and renal function
in the elderly. Regarding the role of SBP in cognition, the Honolulu-Asia Aging Study
reports the male subjects with midlife elevated SBP predict a future decline in cognitive
function at later life [7]. A longitudinal population study shows that the subjects > 65 years
with SBP = 160 mmHg or SBP < 130 mmHg made more errors in a cognitive screening
test, demonstrating a U-shape association between SBP and cognition [34]. Further, it has
also been shown that cognitive decline is apparent among older (80 years) individuals with
higher SBP [35]. Our findings are consistent with these findings [7, 34, 35]. Additionally,
we have shown a negative linear association of SBP and cognition in multi-ethnic elderly
population. We have also demonstrated that examining the relationship between SBP and
cognitive domains is a more sensitive measure than that of global cognition in studying the
relationship between blood pressure and cognition in elderly.

Regarding the relationship between SBP and cognitive domains, we showed a significant
association of SBP with processing speed/VVMI function both cross-sectionally and
longitudinally. Interestingly, the longitudinal association of SBP with processing speed/VMI
was found after adjusting vascular risk factors in the models. It is suggested that a
combination of SBP with other vascular risk factors could accelerate cognitive decline in
later life although we did not observe interaction between vascular risk factors and SBP.
The speed of information processing and VMI function are reported to be sensitive to aging
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[36-38]. The observed longitudinal association of SBP with processing speed/VMI function
may also represent aging related cognitive change in the presence of vascular risk factors

in the elderly. Neuropsychologically, a measure of process speed/VVMI function can be a
cognitive biomarker to detect early cognitive change in the individuals with hypertension.
In this study, we were not able to detect the association of SBP with memory function.

It is possible that the memory test we used was not sensitive enough to detect vascular
pathology-related subtle memory change in this stroke free population.

In this cohort, the mean years of education are 10 + 5 years. This population represents

a racially and ethnically diverse community with low education. Previous studies have
reported that individuals with less education show lower level of cognitive function and have
increased risk for dementia [39]. As individuals with low education have less cognitive
reserve and are prone to the effects of vascular damage [40]. It will be important to
investigate the incidence of dementia in relation to vascular risk factors in this cohort in

the future.

In this study, we also found that anti-hypertension therapy attenuated the association of SBP
with executive function and processing speed/\VVMI function cross-sectionally and eliminated
the association of SBP with processing speed/\VVMI function longitudinally. It is suggested
that lowing blood pressure therapy in the elderly has beneficial effect in cognitive function.
Our result is consistent with previous studies that anti-hypertension therapy reduced the risk
of cognitive impairment and dementia [24, 25, 41, 42].

Although this study shows a linear negative association of SBP (continuous variables)

with longitudinal decline in processing speed/VVMI function, the clinical implication of
this association is not clear. We further analyzed this longitudinal relationship between
category SBP and processing speed/VVMI. We showed that processing speed/VVMI function
was linearly declined in the elderly with SBP from > 120 mmHg to SBP = 140 mmHg,
especially in the elderly with SBP = 130 (p for trend = 0.02). This finding supports national
blood pressure target for management of hypertension [43]. We provide the evidence that
treatment of stage 1 systolic hypertension in the elderly favors cognitive function.

In this study, we did not find a difference in association of SBP with cognition among racial/
ethnic groups although disparities in prevalence, management and outcomes of hypertension
are reported in racial/ethnic groups [43]. Previous studies showed that compared with

white individuals, mean SBP level in black individuals was associated with significantly
faster decline in global cognition and memory but slower declines in executive function
[22]. The discrepancy between our and their studies is likely due to different sample size
and follow-up duration. Our study is consistent with the findings from a large Hispanic
Community Health Study which shows SBP is negatively associated with cognitive function
[44]. We have extended their study by showing a longitudinal association of SBP with
processing speed in Hispanic population. There was no difference in association of SBP
with cognition between white individuals and Hispanics in this study. Although the rate of
elevated SBP is higher in Hispanics and black individuals as compared to white individuals
in this population, the effects of SBP on cognition appear to be the same. The findings raise
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the question if there is different cognitive resilience to elevated SBP among different ethnic
groups.

Finally, we explored the mechanism involved in the association of SBP with cognition.
The association of SBP with cognition is independent of vascular risk factors, small and
large vessel disease markers (WMHYV and cIMT) in the models. Therefore, the mechanism
underlying the association of SBP with cognition warrants further investigation.

Limitations of this study include possible unmeasured confounding variables that are not
included in the analyses. This cohort is population-based, but is limited by eligibility for
MRI and therefore may be less generalizable to the Northern Manhattan community than the
original random sample. In addition, the subjects of this population have low education level
(10 + 5 years). It is suggested that the subjects might be susceptible to aging and pathology
insults due to poor cognitive resilience. This cohort does not necessarily mirror a general
community sample. Also, the relatively short follow-up interval to assess cognitive change
may explain why the observed cognitive decline was limited to processing speed/VMI in
this cohort. Longer than 5-year follow-up of cognitive change might show more robust
cognitive changes. Additionally, it is possible that attrition resulting in a smaller sample

size may contribute to the lack of observed association between SBP and other cognitive
domains. Given the fact that some of the participants with older age and poorer education
(Supplementary Table 1) were lost for the follow-up study, the bias could further lead to
dilution of an association between SBP and cognition.

In summary, our study shows that SBP is negatively associated with processing speed/\VMI
cross-sectionally and longitudinally. Anti-hypertension therapy in the elderly could attenuate
or eliminate the negative association of SBP with cognition. Our findings support the
treatment of stage 1 systolic hypertension in elderly for reducing the risk of cognitive
impairment. Given the fact that processing speed /VMI function may be the first change

of cognitive decline in the elderly, monitoring processing speed/VMI function might be

a sensitive marker to assess cognitive decline in the elderly in association with systolic
hypertension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Cognitive performance in individuals with hypertension and those without hypertension.
The Z-score means of cognitive performance were adjusted by age, education, sex, APOE
genotype, and race-ethnicity.
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Fig. 2.
Longitudinal decline of processing speed/VMI in the participants with category SBP at a

5-year follow-up (95% CI). The mean change of z-score of processing speed/VVMI function
was adjusted for age, education, sex, APOE genotype and race-ethnicity in SBP category
participants. The participants were =60 years old and MMSE >24. SBP <120 mmHg, 7= 98;
SBP 120-129 mmHg, n=176; SBP 130-139 mmHg, n=207; and SBP =140 mmHg, n=
317.
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Table 1
Characteristics of the NOMAS Cognition/MRI-Sub-study Sample (V= 1,215)

Age (y) 71+9
Education (y) 105
Male (%) 40
White (%) 15
Hispanic (%) 66
Black (%) 17
other (%) 2
Hypertension (%) 73
SBP (mm Hg) 136 +17
DBP (mm Hg) 78+ 10
PP (mm Hg) 58 +15
Diabetes (%) 24
Hyperlipidemia (%) 39
APOE 4 (%) 25
BMI (mean + SD) 28+5

cIMT (mean + SD) 0.92 +£0.09
WMHYV (mean + SD) 0.68 +0.84
MMSE (mean + SD) 27+3

SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; BMI, body mass index; cIMT, carotid intima media thickness;
WMH, white matter hyperintensity volume corrected by total cranial volume.
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