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Abstract

Background: High blood pressure (BP) is a known risk factor for mobility and cognitive
impairment in older adults. This study tested the association of cumulative BP exposure from
young adulthood to midlife with gait and cognitive function in midlife. Furthermore, we tested
whether these association were modified by cerebral white matter hyperintensity (WMH) burden.

Methods: We included 191 participants from the Coronary Artery Risk Development in Young
Adults study, a community-based cohort of young individuals followed over 30 years. Cumulative
BP was calculated as the area under the curve (mmHgxyears) from baseline up to year 30
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examination (Y3p). Gait and cognition were assessed at Y 3g examination. Cerebral WMH was
available at Y3 in a subset of participants (n=144) who underwent MRI. Multiple linear
regression models were used to assess the association of cumulative BP exposure with gait and
cognition. To test effect modification by WMH burden, participants were stratified at the median
of WMH and tested for interaction.

Results: Higher cumulative systolic and diastolic BP were associated with slower walking speed
(both p=0.010), smaller step length (p=0.011 and 0.005, respectively) and higher gait variability
(1p=0.018 and 0.001, respectively). Higher cumulative systolic BP was associated with lower
cognitive performance in the executive (p=0.021), memory (p=0.015) and global domains
(0=0.010); and higher cumulative diastolic BP was associated with lower cognitive performance in
the memory domain (p=0.012). All associations were independent of socio-demographics and
vascular risk factors (body mass index, smoking, diabetes and total cholesterol). The association
between cumulative BP and gait was moderated by WMH burden (interaction p<0.05). However,
the relation between cumulative BP and cognitive function was not different based on WMH
burden (interaction p>0.05).

Conclusions: Exposure to higher BP levels from young to midlife is associated with worse gait
and cognitive performance in midlife. Furthermore, WMH moderates the association of
cumulative BP exposure with gait, but not with cognitive function in midlife. The mechanisms
underpinning the impact of BP exposure on brain structure and function must be investigated in
longitudinal studies using a life course approach.
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INTRODUCTION

The detrimental impact of hypertension on human health is rooted in the multi-organ injury
that silently erupts long before any intervention takes placel. The negative impact of
hypertension on the brain structure and function is particularly devastating?. Observational
studies have established a strong link between elevated blood pressure (BP) and cognitive
impairment3 and increased risk of dementia? in late life. High BP has been also linked to
functional disability® 8, slow gait speed’, and falls® in older adults. Several studies have
shown that gait slowing precedes cognitive decline, suggesting that gait changes may be an
earlier marker of brain dysfunction than cognitive impairment® 10, The cumulative impact of
hypertension on brain structure and function is supported by the strong association between
midlife measures of BP and late-life cognitive impairment!®. Therefore, a life-course
approach may be necessary to prevent the harmful consequences of high BP on
cerebrovascular structure and function!! 12, However, the association between high BP
exposure in young adulthood with cognitive function and mobility in midlife is unknown.

Radiographic markers of cerebral small vessel disease that manifest on brain magnetic
resonance imaging (MRI) scans have been well established as measures of hypertensive
brain injury®3. Subcortical white matter hyperintensities (WMH), as one such radiographic
measure, are strongly associated with hypertension as well as mobility and cognitive
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impairment in late-lifel*. Elevated BP in late life is associated with a greater burden and
faster progression of WMHL, Furthermore, progression of WMH burden has been shown to
manifest as greater decline in mobility and cognitive function among older adults'4. These
observations suggest that hypertension may contribute to cognitive and mobility impairment
by promoting the development and progression of subcortical white matter injury. However,
how WMH affect the relation of BP with mobility and cognitive function among middle-age
individuals remains unclear.

Building on this background, in this study we examined the longitudinal link between
cumulative exposure to BP from young adulthood to midlife with gait and cognitive function
in midlife. In addition, we tested whether cerebral WMH burden moderates the link between
cumulative BP and gait or cognition. Data were collected in a subset of participants from the
Coronary Artery Risk Development in Young Adults (CARDIA) cohort, in which 30 years
of longitudinal data on vascular health and other measures is available. We hypothesized that
exposure to higher BP from young to middle adulthood would be associated with worse gait
and cognitive function in midlife, and that these associations would be stronger in those with
higher WMH burden.

MATERIALS AND METHODS

Participants

Anonymized data are available from the CARDIA Coordinating Center
(cardia.dopm.uab.edu/contact-cardia). A description of the National Heart, Lung, and Blood
Institute policies governing the data and describing access to the data can be found online
(https://www.cardia.dopm.uab.edu/study-information/nhlbi-data-repository-data).

The CARDIA study began in 1985-1986 and recruited 5115 black and white adults aged 18
to 30 years from 4 U.S. field centers (Birmingham, AL; Chicago, IL; Minneapolis, MN and;
Oakland, CA)1®. These participants have been followed through serial in-person
examinations after 2 (Y2), 5 (Ys), 7 (Y7), 10 (Y10), 15 (Y15), 20 (Y2q), 25 (Y25) and 30
(Y3p) years. Contact is maintained with participants via telephone, mail, or email every 6
months, with annual interim medical history ascertainment. Over the last 5 years, >90% of
the surviving cohort members have been directly contacted, and follow up for vital status is
virtually complete through related contacts and intermittent National Death Index searches.
At Y3g examination, all participants from the Chicago field center were invited to participate
in the Cerebral Small Vessels in Motor and Cognitive Decline ancillary study. A total of 202
participants were enrolled and underwent detailed assessment including brain magnetic
resonance imaging (MRI), and gait and cognitive assessments. Separate written consent was
obtained and the study was approved by the institutional review board of Northwestern
University. Of a total of 202 participants recruited, 191 had complete gait and cognitive
function assessment and 144 had available brain MRI data for analyses. All MRI images
were reviewed with an expert neuroradiologist (A.J.N.) and participants with signs of brain
infarcts were excluded (n=2). Compared to the rest of Chicago field centers’ participants
attended Y3g examination (n=554), those included in this study were younger and more
frequently male (Supplemental Table 1).

Circulation. Author manuscript; available in PMC 2021 March 03.


http://www.cardia.dopm.uab.edu/contact-cardia
https://www.cardia.dopm.uab.edu/study-information/nhlbi-data-repository-data

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mahinrad et al. Page 4

Blood Pressure and Other Vascular Risk Factors

Standardized protocols were used to measure systolic BP (SBP) and diastolic BP (DBP) at
each CARDIA visit. The protocol and procedure have been described in detail previously2.
Briefly, BP was measured in the brachial artery 3 times after the participant had been sitting
in a quiet room for 5 minutes. The BP measures were taken at 1-minute intervals and the
average of the second and third measurements was used for analysis. From Y to Y5, BP
was measured using a Hawksley random-zero sphygmomanometer (Hawksley, Sussex,
United Kingdom). From Y g onwards, BP was measured with an automated oscillometric
BP monitor (Omron HEM-907XL; Online Fitness, Santa Monica, CA) due to concerns
about mercury contained in the sphygmomanometer apparatus. These BP measurements
were calibrated and standardized to the sphygmomanometer measures to remove any
potential machine bias!’. Cumulative exposure to SBP and DBP were calculated for each
participant from Y to Y3g as the sum of (average of BP measurements between consecutive
visits x years between the visits) to determine exposure to BP from young adulthood to
middle agel8.

Other measures including height, weight, glucose levels, lipid levels, and education were
collected using standardized protocols at each CARDIA visit®. Body mass index was
calculated as weight (Kg) divided by height in meters squared. Total cholesterol was
determined on a chemistry analyzer using comparable enzymatic procedures (Hitachi 912;
Roche Diagnostics). Diabetes was defined as fasting plasma glucose = 126 mg/dL or self-
reported use of diabetes medication. Smoking status and antihypertensive medication use
were self-reported. Physical activity was measured using CARDIA physical activity
questionnaire!® and depression was assessed using the Center for Epidemiologic Studies
Depression Scale (CES-D).

Gait and Cognitive Function Assessment

Gait measures were collected during a 40-foot walk on a 20 x 2 foot Zeno™ mat
(Protokinetics Zeno Walkway). The walking trial consisted of two passes over the Zeno
Walkway mat. The turns were completed off the mat and were not included in the data
analysis. Participants started to walk four feet before the mat and were asked to walk at their
normal pace. Using the Protokinetics Movement Analysis software, several gait parameters
including step velocity, step length, step time, stride width, gait variability index (GVI) and
step length asymmetry were computed. It has been shown that these parameters represent a
broad range of gait characteristics that assess different gait domains20. Step velocity (cm/
sec) was measured by dividing distance by time. Step length (cm) was measured as the
distance between corresponding successive heel points of opposite feet. Stride width (cm)
was measured as the perpendicular distance between two successive heel strikes of the same
foot and the contralateral heel contact between those events. Step time (sec) was measured
as the time elapsed to complete one step (from the first contact of one foot to the first contact
of the following other foot). GV describes the variability during gait and was calculated
based on the variability of nine spatiotemporal gait parameters (step length, stride length,
step time, stride time, swing time, stance time, single support time, double support time, and
velocity) as defined by Gouelle et al.2L. GVI quantifies the difference between the amount of
variability observed for a reference group (mean score and standard deviation [SD] of 100 +
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10) and the amount of variability observed for an individual (higher GVI1 represents worse
gait)2L. Step length asymmetry is a measure of gait symmetry with O representing perfect
right/left symmetry. It was calculated using the following formula:

right step length —left step length/%(right step length + left step length) x 100.

All gait variables were averaged over the whole walking trial for the right and left feet.

Cognition was assessed at Y3p examination using an extensive set of neuropsychological
tests across different cognitive domains. These tests included Hopkins Verbal Learning Test-
Revised (HVLT-R)?2, Digit Span test (DS)23, Trail Making Test A and B24, Digit Symbol
Substitution Test (DSST)2°, Stroop test2%, and the National Institute of Health (NIH)26 -
Flanker Inhibitory test, -List Sorting Working Memory test (NIH-LSWM) and -Picture
Sequence Memory test (NIH-PSM). To enhance the interpretation of data, we constructed 4
composite cognitive domains of executive, memory, attention, and global cognitive function.
The executive function domain consisted of the average z-score of NIH-Flanker Inhibitory
test, NIH-LSWM test, Trails Making test B, DSST test and Stroop test. The memory domain
consisted of the average z-score of NIH-PSM test and HVLT-R tests (total and delayed
recall). Attention domain included the z-score of the DS test and Trails Making Test A, and
the global domain included the average z-score of all the cognitive tests?”. The z-scores of
Stroop and Trails Making tests were reversed to maintain consistency with the other
cognitive tests.

White Matter Hyperintensity Measurement

A 3T Siemens Prisma MRI machine was used for brain MRI acquisition at the Center for
Translational Imaging at Northwestern University. WMH volumes were derived from T2
sagittal fluid-attenuated inversion recovery (FLAIR) sequence. The FLAIR images were
denoised using an adapative non-local means filter?8 and intensity bias corrected using the
N4 algorithm?°. Cleaned images were input to the Lesion Prediction Algorithm30 of the
Lesion Segmentation Toolbox (LST 2.0.15) for statistical parametric mapping (SPM).
Resultant voxelwise lesion probability maps were thresholded at greater than zero percent
probability to form masks. The automatically generated masks were manually corrected by a
trained operator (S.K.) using Freeview in Freesurfer. This was completed for each
participant, and each mask was reviewed a second time for quality assurance. Tools in AFNI
(Analysis of Functional Neurolmages) were consequently used to generate volumetric data,
i.e. intracranial volumes (ICV) and WMH volumes. All WMH volumes were normalized by
their ICV to correct for individual head sizes. Freesurfer and AFNI are both widely used
neuroimaging software packages which contain a number of tools for functional and
structural MRI analyses. Freeview is a tool within Freesurfer which was used for performing
the manual edits, as it allows users to simultaneously view all 3 image axes (axial/saggital/
coronal), and easily flip between the two image contrasts (T1/FLAIR) while editing the
WMH masks. It also allows for thresholding the drawing tool to only label voxels within
certain intensity ranges, which considerably reduces the time needed to perform the manual
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segmentations. AFNI is a large command-line based set of tools, one of which is
3dBrickStat which can be used for extracting RO averages of volumetric data3!.

Statistical Analysis

RESULTS

Characteristics of participants are presented as mean + SD, proportion, and median with
interquartile ranges where applicable. We used multivariable linear regression models to
assess the association between cumulative BP exposure during 30 years of follow-up and
gait or cognitive function at Y3 examination (all as continuous variables). The primary
outcome variables were gait measurements or the composite cognitive domains. The primary
exposures were measures of cumulative SBP and cumulative DBP (z-scores). The adherence
to the assumptions of multiple linear regression were examined by visual inspection of the
distribution of residuals through histograms and normal probability plots. Furthermore,
homoscedasticity was visually inspected by plotting the standardized residuals against
standardized predicted values. All analyses were performed in two steps: In the first step
(model 1), analyses were adjusted for age, sex, race, height (where gait was the primary
outcome) or education (where cognitive function was the primary outcome). In the next step
(model 2), analyses were additionally adjusted for vascular risk factors (body mass index,
smoking status, prevalence of diabetes, and total cholesterol level), depression (where
cognitive function was the primary outcome) and physical activity (where gait was the
primary outcome) at Y3p examination. These covariates were selected as potential
confounders based on their biological plausibility since they are known to be associated with
BP, cognitive function, or gait'2 32, In a separate analyses, we assessed the association of
cumulative BP with gait or cognition after adjustment for cumulative exposure to other
vascular risk factors including body mass index (kg/m? x years), total cholesterol (mg/dL x
years), fasting glucose (mg/dL x years) and life-time pack years of cigarette smoking
(cigarette packs smoked per day x years smoking). We also explored the relationship
between tertile of cumulative BP with gait and cognitive function using analyses of
covariance. To examine the associations of cumulative BP over 30 years compared to a
single BP measurement, all analyses in model 1 were repeated using baseline (Yg) or Y3g
BP levels as the independent variable. To test whether WMH moderate the association of
cumulative BP with gait or cognition, we repeated all the analyses in model 2 after
stratifying participants based on the median of WMH (n=72 per group) and tested for
interaction (WMH load groups x cumulative exposure to BP)33. Similarly, effect
modification by antihypertensive medication use was tested using interaction models. All
statistical analyses were conducted with IBM SPSS Statistics version 25.0 and a p value
<0.05 was considered as statistically significant.

Table 1 summarizes the demographic and clinical characteristics of the participants included
in this study (total cohort, n=191) and those who had available brain MRI data (MRI sub-
cohort, n=144), with no major differences between the groups. Overall, this was not a
hypertensive cohort, with fewer than 30% on BP medications. The mean cumulative
exposure to SBP and DBP in the total cohort was 3333 = 276 mmHgxyears (range 2688,
4108 mmHgxyears) and 2105 + 227 mmHgxyears (range 1563, 2758 mmHGxyears),
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respectively. Table 2 shows the baseline characteristics of participants who became
hypertensive (n=70) vs. those who remained normotensive (n=121) during follow-up.
Hypertensive participants were younger, more frequently black, had lower education, and
had higher body mass index and SBP at baseline (all p<0.05).

Results from the linear regression models to examine the association between cumulative BP
exposure and gait are summarized in Table 3. In model 1, higher exposure to cumulative
SBP was associated with slower walking speed, smaller step length, longer step time, and
higher GVI. Further adjustments in model 2 did not essentially change these associations,
except that the relation between cumulative SBP and step time was somewhat attenuated (8
[SE]: 0.009 [0.005], p=0.063). Similarly, higher cumulative DBP was associated with worse
gait characteristics in all models, except that the association between cumulative DBP and
step time was marginal in model 2 (8 [SE]: 0.008 [0.004], p=0.065). Cumulative exposure to
SBP or DBP were not associated with stride width and step length asymmetry in any of the
models. After adjustment for cumulative exposure to other vascular risk factors instead of
risk factors measured at Y 3q examination, higher exposure to cumulative BP remained
associated with worse gait performance (Supplemental Table 2). Figure 1 shows the adjusted
mean (SE) of gait variables in tertile of cumulative SBP and DBP.

Table 4 shows the results for linear regression models examining the association between
cumulative BP exposure and cognitive function across 4 domains. In model 1, higher
exposure to cumulative SBP was associated with worse cognitive performance in the
executive, memory, and global cognitive domains. Full adjustment in model 2 essentially did
not change these associations. In contrast, higher exposure to cumulative DBP was only
associated with worse performance in the memory domain. Adjustment for cumulative
exposure to other vascular risk factors instead of risk factors measured at Y3 examination
did not essentially change the association of cumulative BP with cognitive function
(Supplemental Table 2). Figure 2 shows the adjusted mean (SE) of each cognitive domain in
tertiles of cumulative SBP and DBP.

At baseline (Yg), the mean age of the participants was 24 + 4 years, mean SBP was 108 + 10
mmHg, and mean DBP was 66 + 10 mmHg. Table 5 shows the associations of cumulative
BP over 30 years compared to a single BP measurement (at baseline or Y3g) with gait or
cognition at Y3q. Higher baseline (Y) SBP and DBP values were only associated with
slower walking speed and smaller step length. Higher baseline SBP was not associated with
any of the cognitive domains; and higher baseline DBP was only associated with worse
memory performance. SBP measured at 3¢ was not associated with gait or cognitive
function; and DBP measured at Y3 was only associated with shorter step length. All effect
estimates for baseline or Y3y BP values were smaller than cumulative BP over 30 years
(unstandardized B in Table 5).

In the MRI sub-cohort (n=144), WMH load ranged from 0.0002 to 0.77 percentage of ICV.
In the fully adjusted model (model 2), higher exposure to cumulative SBP and DBP were
associated with higher WMH load (B [95% CI] = 0.31 [0.06, 0.56] and 0.25 [0.006, 0.50],
respectively) (Supplemental Table 3). To test for effect modification by WMH on the
observed associations, participants were stratified at the median into two WMH groups (n =
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72 per group). The amount of WMH in the low WMH group ranged from 0.0002 to 0.02
percentage of ICV, and in the high WMH group from 0.02 to 0.77 percentage of ICV. Figure
3 shows the association of cumulative BP exposure with gait and cognition in those with
high and low WMH burden. The association between cumulative exposure to SBP and step
velocity, step length and GVI was strongest in participants with higher WMH burden (all p
for interaction <0.05). Similarly, the association between cumulative exposure to DBP with
step length and GVI were strongest in those with higher burden of WMH (all p for
interaction <0.05). However, the association between cumulative BP exposure and cognitive
function did not vary across the two WMH groups (all p for interactions > 0.05, Figure 3).
Adjustment for WMH in model 2 did not change the association of cumulative BP with gait
or cognition (P coefficients attenuated <10%, Supplemental Table 4). Finally, there was no
significant interaction between cumulative BP exposure and antihypertensive medication
use, or becoming hypertensive during follow-up, in relation to gait or cognitive function
(n=61 on antihypertensive medication, all p-for interactions >0.05) (Supplemental Table 5
and 6).

DISCUSSION

The main finding of this study is that exposure to higher BP starting in young adulthood,
even at levels below the “hypertension” threshold34, is associated with worse gait and
cognitive performance in midlife, independent of other vascular risk factors. Furthermore,
we found that higher exposure to BP during young adulthood was consistently associated
with worse gait performance in those with higher WMH burden, whereas the association of
cumulative BP with cognitive performance was not affected by WMH burden.

The association of higher BP with cognitive and gait impairment is consistent with
previously published work in the elderly population. Mounting evidence suggests that
hypertensive individuals are at increased risk of dementia and mobility impairment in late
life, independent of other conventional vascular risk factors and strokell: 14, The
Cardiovascular Health Study of older Americans, for example, has shown that slow gait
speed, cognitive impairment, and depressive symptoms cluster together in individuals over
the age of 74, and that this cluster of impairments is strongly linked to hypertension3°. Much
research has focused on examining the link between hypertension and functional impairment
in older adults, the group that is at the highest risk of dementia and disability!1. Recent
findings suggest that individuals who develop hypertension in midlife are also susceptible to
the deleterious health effect of hypertension for many decades? 3. In line with this,
observational studies suggest that elevated BP in the 4" and 5™ decade of life is strongly
linked to cognitive impairment 20-30 years later3’. On the other hand, elevated BP in the
8th 9th or 10t decade life have shown weak and conflicting results in relation to cognitive
function38. Therefore, the chronicity and duration of BP exposure in early life may be
especially important for functional impairments in later stages of lifell. The findings from
this study extend the previous research by showing that even in young individuals without
clinically evident neurological disorders, higher cumulative exposure to BP during the 2",
3" and 4t decade of life is associated with poorer gait and cognitive impairment in the 5t
decade of life. This is consistent with previous studies on CARDIA population, where it has
been shown that higher cumulative BP associates with worse cognitive performance during
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25 years of follow-up3°. Our results add to the previous work from the CARDIA cohort and
show that cumulative BP exposure during young adulthood is also associated with several
gait measures and that cerebral WMH burden likely moderates this association.
Furthermore, our results suggest that long term exposure to higher BP during young
adulthood may be more powerful in predicting midlife mobility and cognitive impairment
than a single BP measurement.

The underlying pathological mechanism linking hypertension and adverse health outcomes
is complex and not fully understood. Studies suggest that features of cerebral small vessel
disease, such as WMH on brain MRI, may underlie the link between hypertension and
cognitive or mobility decline®?: 41, This premise is supported by studies showing a close link
between WMH and hypertension, dementia, and mobility impairment in older adults!4. The
findings from the present study support a moderating effect of WMH on the link between
higher cumulative BP and gait. However, at least in midlife, the link between cumulative BP
exposure and cognitive function was not moderated by WMH burden. One explanation for
these findings could be that other anatomical changes in the brain such as hippocampal
atrophy“2 may be more critical for cognition in midlife. Alternatively, gait may more
vulnerable to the deleterious effects of overall white matter injury in early stages of life than
cognitive function. In line with this, prior studies have shown that gait abnormalities may
precede and predict cognitive decline in older adults*3. In line with this, it has been show
that in 204 participants from the Oregon Brain Aging Study evaluated for up to 20 years,
slowing of gait speed was accelerated up to 12 years prior to development of mild cognitive
impairment®. Similarly, in 1478 participants from the Mayo Clinic Study of Aging, slowing
of gait preceded cognitive decline in all domains'?. This is further supported by the shared
neurochemical and pathological mechanisms between gait and cognition®4 4%, Given the
low-cost and noninvasive nature of gait measurements, gait characteristics may be useful
clinical biomarkers predictive of cognitive decline in ageing®®. Furthermore, our results do
not support a mediating effect of WMH on the observed associations since inclusion of
WMH in our models did not change the association between cumulative BP and cognition or
gait. In this setting, other microstructural and morphological changes of the white matter
may precede development of WMH and better explain the observed associations. Measures
of white matter integrity, demyelination, and axonal degeneration from advanced brain MR
modalities may provide a more nuanced understanding of hypertensive cerebrovascular
damage in early lifel3.

Given that high BP is a modifiable risk factor, it continues to represent a potential target for
prevention and/or delaying the progression of cognitive impairment and functional disability
in the aging population. Although many large randomized clinical trials (RCTs) have
concluded the protective effect of BP treatment against cognition and dementia in older
adults, many other RCTs have failed to replicate these findings!l. Recent results from the
SPRINT-MIND trial showed no significant reduction in the risk of probable dementia after
treating ambulatory adults (mean age 68 years) to a SBP of less than 120 mmHg compared
to less than 140 mmHg?’. Furthermore, results from the same trial did not show any benefit
from intensive BP treatment on mobility and gait speed in older adults aged 75 years or
older#”. Such negative findings could be due to enrollment of elderly individuals with
irreversible cerebrovascular damage and short duration of follow-up. On the other hand,
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primordial prevention of high BP during early adulthood may be more effective than primary
prevention of subsequent adverse outcomes®®. In fact, sustained interventions through early
stages of life may be required to reduce the onset or progression of gait and cognitive
abnormalities in later stages of life*®. In line with this, it has been shown that reducing the
sodium intake of newborns for the first 6 months of life (n=466) reduces SBP levels by 2.1
mmHg compared to controls at 25 weeks of age*®. The same participants followed at the age
of 15 years (n=167) had 3.6 mmHg lower SBP and 2.2 mmHg lower DBP compared to
controls®0. Future studies are needed to investigate the impact of primordial high BP
prevention during early adulthood, and possibly during infancy, on later cognitive and
mobility outcomes.

The strengths of this study include the cohort of young individuals with few comorbidities,
long duration of follow-up (30 years of BP assessment), and application of a comprehensive
set of cognitive tests and gait characteristics that allowed us to assess different domains of
cognition and gait. In addition, extensive phenotyping regarding vascular risk factors
enabled us to correct for several potential confounders. We acknowledge the limitations of
our study as well. Our cohort consisted of biracial black and white population and the results
may not be generalizable to individuals from other race/ethnicity cohorts. Furthermore,
cognition and gait were assessed at the end of study and we were not able to address the
changes in cognition or gait over time. Longitudinal studies are essential to understanding
the mechanisms underpinning the relationship between BP exposure and cognitive or gait
decline over time.

In summary, the present study shows that higher BP exposure during young adulthood, even
at levels below the clinical definition of hypertension, is associated with worse gait and
cognition in mid-life, independent of other vascular risk factors. Furthermore, WMH burden
moderated the association of cumulative BP with gait, but not with cognitive function. These
results emphasize the impact of early life BP levels on brain structure and function and
underscore the need for primordial prevention of high BP during early adulthood. Finally,
the predictive value of gait as an early biomarker for cerebral small vessel disease will need
to be further explored in younger cohorts with earlier gait measures and validated as a
biomarker to monitor therapeutic efficacy of early interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

CARDIA
Coronary Artery Risk Development in Young Adults study

Y1, Y2
year 1, year 2, ..., year 30 of follow-up visit

CES-D
Center for Epidemiologic Studies Depression Scale

GVI
Gait Variability Index

HVLT-R
Hopkins Verbal Learning Test-Revised

DS
Digit Span test

DSST
Digit Symbol Substitution Test

NIH-Flanker Inhibitory test
National Institute of Health-Flanker Inhibitory test

NIH-LSWM
National Institute of Health-List Sorting Working Memory test

NIH-PSM
National Institute of Health-Picture Sequence Memory test

FLAIR
Fluid-Attenuated Inversion Recovery

SPM
Statistical Parametric Mapping

LST
Lesion Segmentation Toolbox

AFNI
Analysis of Functional Neurolmages

ICV
Intracranial Volume
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Systolic Blood Pressure Intervention Trial - Memory and Cognition in Decreased
Hypertension
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Clinical Perspective
What is new?

. Cumulative exposure to higher blood pressures from young adulthood to
midlife, even at levels below the clinical definition of hypertension, associates
with worse gait and cognitive function in midlife.

. The impact of cumulative levels of blood pressure exposure was independent
of other vascular risk factors during a follow-up period of over 30 years.

. Higher burden of midlife cerebral white matter hyperintensity on magnetic
resonance imaging moderates the association of cumulative blood pressure
exposure with gait, but not with cognitive function.

What are the clinical Implications?

. The deleterious effect of elevated blood pressure on brain structure and
function may begin during early adulthood, emphasizing the need for
primordial prevention of high blood pressure, but also reconsidering
individual levels of blood pressure for diagnosis of hypertension.

. Gait may be an earlier measure of hypertensive brain injury than cognition.
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Figure 1. Gait at Y3 examination in tertiles of cumulative blood pressure over 30 years.
Bars represent means (standard error) calculated from ANCOVA after adjustment for age,

seX, race and height. Pvalues show p for trends from ANCOVA. Abbreviations: SBP:

systolic blood pressure and DBP: diastolic blood pressure.
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Figure 2. Cognition at Y3 examination in tertiles of cumulative blood pressure over 30 years.
Bars represent means (standard error) calculated from ANCOVA after adjustment for age,

seX, race and education. P values show p for trends from ANCOVA. Abbreviations: SBP:
systolic blood pressure and DBP: diastolic blood pressure.
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Figure 3. Association between cumulative blood pressure during young adulthood with gait and
cognition at midlife, stratified for those with low and high loads of white matter hyperintensities.

The B represents unstandardized regression coefficients. Gait variables were transformed to
z-scores. GV and step time were multiplied by —1 for consistency in interpretation. All
analyses were adjusted for age, sex, race, height or education, smoking status, diabetes
prevalence, total cholesterol level and body mass index measured at Y30 examination. p
values show p for interaction. WMH was divided in low and high groups at the median of
WMH (n=72 per group). Abbreviation: SBP: systolic blood pressure; DBP: diastolic blood
pressure; WMH: white matter hyperintensity and GVI: gait variability index.
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Table 1.

Characteristics of participants

Characteristics Total cohort (n=191) MRI sub-cohort (n=144)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Cumulative SBP, mmHgxyears 3333 £ 276 3291 + 261
Cumulative DBP, mmHgxyears 2105 + 227 2067 £ 209
SBP at Yo, mmHg 108 + 10 107 £ 10
DBP at Y, mmHg 66 + 10 65+ 10
Demographics at Y30
Age, y 56 £ 4 56 £ 4
Female, % 46 42
Blacks, % 44 39
Education, y 15+3 15+3
Height, cm 171+£10 172+9
Risk Factors at Y30
Body mass index, kg/m? 306 28+5
Smoking:
Former, % 23 22
Current, % 14 13
Total cholesterol, mg/dL 192 +£38 196 + 38
Prevalence of diabetes, % 15 13
SBP, mmHg 120+ 15 118 + 15
DBP, mmHg 74+11 72+10
Physical activity (exercise units), median (IQR) 270 (128, 475) 283 (133, 514)
Depression (CESD score), median (IQR) 7(3-12) 7(3-11)
Cognition at Y30
HVLT-R, total recall 26+5 27+5
HVTL-R, delayed, median (IQR) 10 (8, 11) 10 (8, 11)
Digit Span, digits 18+4 18+4
Digit Span Substitution, symbols 68 + 16 69 + 17
Stroop, sec, median (IQR) 20 (15, 28) 19 (14, 28)
Trails A, sec, median (IQR) 28 (24, 36) 28 (24, 36)
Trails B, sec, median (IQR) 69 (53, 95) 65 (52, 91)
NIH-LSWM, number correct 53+10 54+ 10
NIH-PSM, number correct 53+12 53+12
NIH-Flanker, number correct 43+9 44 +9
Gait at Y30
Step velocity, cm/sec 122 +21 125+ 19
Step length, cm 68+8 70+7
Stride width, cm 8+4 8+3
Step time, sec 0.57 £0.06 0.56 £ 0.05
Gait variability index 107+9 106+8
Step length asymmetry, cm 0.10 + 4.62 0.29 £4.39
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Data are expressed as mean + SD or %, unless otherwise stated. Abbreviations: Y30: year 30 of follow-up visit; IQR: interquartile range; SBP:
systolic blood pressure; DBP: diastolic blood pressure; CESD=center for epidemiologic studies depression scale; HVLT-R: Hopkin’s verbal
learning test revised, NIH-LSWM and -PSM: national institute of health-list sorting working memory test and -picture sequence memory test.
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Table 2.

Baseline characteristics of participants that remained normotensive vs. those that became hypertensive during
follow-up

Characteristics Hypertensive (n=70) Normotensive (n=121) p-value

Cumulative SBP, mmHgxyears 3523 + 244 3223 + 231 <0.001
Cumulative DBP, mmHgxyears 2250 + 223 2022 + 185 <0.001
Demographics at YO
Age, y 25+4 24+4 0.631
Female, % 44 46 0.790
Blacks, % 66 31 <0.001
Education, y 14+3 15+2 0.021
Height, cm 170 £10 173+9 0.046
Risk Factorsat YO
Body mass index, kg/m? 265 24+4 0.002
Smoking:
Former, % 10 12
Current, % 24 31 0.433
Total cholesterol, mg/dL 183 +£38 175+ 30 0.099
Prevalence of diabetes, % 0 0 -
SBP, mmHg 111+9 106 + 10 0.002
DBP, mmHg 68 + 10 65+ 10 0.056

Physical activity (exercise units), median (IQR) 431 (195-668) 468 (304-802) 0.060

Normotensive was defined as BP <140/90 mmHg during follow-up. Hypertensive was defined as SBP=140 mmHg or DBP=90 mmHg or
antihypertensive medication use during follow-up. Data are expressed as mean + SD or %, unless otherwise stated. P-values were calculated using
t-test or Mann-Whitney U test for continuous variables, and chi-squared test for categorical variables. Abbreviations: YO: baseline visit; IQR:
interquartile range; SBP: systolic blood pressure; DBP: diastolic blood pressure.
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Table 3.

Cumulative systolic and diastolic blood pressure in relation to gait in midlife

Gait Cumulative SBP per 1 SD higher B (95% CI) p-value Cumulative DBP per 1 SD higher p (95% CI) p-value
Step velocity, cm/sec

Model 1 -5.98 (-9.03, -2.93) <0.001 -5.71 (-8.55, —2.88) <0.001
Model 2 -4.24 (-7.45, -1.02) 0.010 -3.93(-6.92, -0.94) 0.010

Step length, cm

Model 1 -2.20 (-3.25, -1.15) <0.001 -2.21(-3.19, -1.24) <0.001
Model 2 -1.42 (-2.50, —0.34) 0.011 -1.44 (-2.45, -0.44) 0.005

Step time, sec

Model 1 0.010 (0.002, 0.02) 0.014 0.010 (0.002, 0.02) 0.012

Model 2 0.009 (-0.0005, 0.018) 0.063 0.008 (—0.0005, 0.016) 0.065

Stride width, cm

Model 1 0.16 (-0.44, 0.76) 0.602 0.08 (-0.48, 0.64) 0.781

Model 2 -0.31(-0.92, 0.29) 0.310 -0.47 (-1.03, 0.10) 0.103

Gait variability index

Model 1 2.07 (0.63, 3.51) 0.005 2.49 (1.17,3.81) <0.001
Model 2 1.90 (0.33, 3.48) 0.018 2.47 (1.03,3.91) 0.001

Step length asymmetry, cm

Model 1 -0.49 (-1.25, 0.28) 0.215 -0.33 (-1.05, 0.39) 0.372

Model 2 -0.58 (-1.41, 0.25) 0.171 -0.46 (-1.23,0.32) 0.246

B represents unstandardized regression coefficients.

Model 1: Adjusted for age, sex, race and height.
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Model 2: Adjusted for age, sex, race, height, body mass index, smoking status, prevalence of diabetes, total cholesterol and physical activity

measured at Y30 examination.

Abbreviations: SBP: systolic blood pressure and DBP: diastolic blood pressure; SD: standard deviation.
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Table 4.

Cumulative systolic and diastolic blood pressure in relation to cognition in midlife

Cognition  Cumulative SBP per 1 SD higher B (95% CI) p-value Cumulative DBP per 1 SD higher B (95% CI) p-value
Memory domain

Model 1 -0.14 (-0.26, —0.02) 0.022 -0.13 (-0.24, -0.02) 0.022
Model 2 -0.16 (-0.30, —0.03) 0.015 -0.16 (-0.28, —-0.04) 0.012
Executive domain

Model 1 -0.12 (-0.21, -0.02) 0.014 -0.06 (-0.14, 0.03) 0.213
Model 2 -0.12 (-0.22, -0.02) 0.021 -0.05 (-0.15, 0.04) 0.263
Attention domain

Model 1 -0.04 (-0.15, 0.07) 0.451 -0.02 (-0.12, 0.09) 0.773
Model 2 -0.04 (-0.16, 0.08) 0.548 -0.03 (-0.14, 0.09) 0.625
Global domain

Model 1 -0.12 (-0.20, —0.03) 0.007 -0.08 (-0.16, 0.003) 0.059
Model 2 -0.12 (-0.21, -0.03) 0.010 -0.08 (-0.17, 0.002) 0.057

B represents unstandardized regression coefficients.

Mean + SD of executive, memory, attention and global domains were -0.01+0.7, —0.01+0.8, 0.02 +0.8 and -0.02+0.6, respectively.

Model 1: Adjusted for age, sex, race and education.

Model 2: Adjusted for age, sex, race, education, body mass index, smoking status, prevalence of diabetes, total cholesterol and depression

measured at Y30 examination.

Abbreviations: SBP: systolic blood pressure and DBP: diastolic blood pressure; SD: standard deviation.
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