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Abstract.

Background: Mid-life hypertension is an established risk factor for cognitive impairment and dementia and related to greater
brain atrophy and poorer cognitive performance. Previous studies often have small sample sizes from older populations that
lack utilizing multiple measures to define hypertension such as blood pressure, self-report information, and medication use;
furthermore, the impact of the duration of hypertension is less extensively studied.

Objective: To investigate the relationship between hypertension defined using multiple measures and length of hypertension
with brain measure and cognition.

Methods: Using participants from the UK Biobank MRI visit with blood pressure measurements (n=31,513), we examined
the cross-sectional relationships between hypertension and duration of hypertension with brain volumes and cognitive tests
using generalized linear models adjusted for confounding.

Results: Compared with normotensives, hypertensive participants had smaller brain volumes, larger white matter hyperin-
tensities (WMH), and poorer performance on cognitive tests. For total brain, total grey, and hippocampal volumes, those
with greatest duration of hypertension had the smallest brain volumes and the largest WMH, ventricular cerebrospinal fluid
volumes. For other subcortical and white matter microstructural regions, there was no clear relationship. There were no
significant associations between duration of hypertension and cognitive tests.

Conclusion: Our results show hypertension is associated with poorer brain and cognitive health however, the impact of
duration since diagnosis warrants further investigation. This work adds further insights by using multiple measures defining
hypertension and analysis on duration of hypertension which is a substantial advance on prior analyses—particularly those
in UK Biobank which present otherwise similar analyses on smaller subsets.
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vascular dementia [1, 2]. It has been estimated that up
to 31.1% of the world’s adult population (1.13-1.39
billon people) has hypertension [3] and 50 million
people worldwide are living with dementia, with the
prevalence of both of these diseases likely to rise
due to aging populations [4]. The high prevalence
of hypertension and its link with dementia results
is a significant public health issue. Furthermore, the
lack of suitable disease modifying drug treatments
for dementia has increased the emphasis on charac-
terizing the roles of modifiable risk factors such as
hypertension for dementia prevention strategies [5].

Hypertension or high blood pressure (BP) has been
linked to brain and cognitive health through studies
focusing on brain imaging and/or cognitive tests [6,
7]. The literature has highlighted that hypertension
is related to smaller volumes of brain tissue, such as
white matter [8], grey matter [9]; specific regions such
as the hippocampus [10], as well other brain areas
in extensive neuroimaging analysis [11]. Further-
more, hypertension has been associated with poorer
cognition function such as memory, reaction time,
reasoning, and executive function [12, 13]. There is
also evidence to suggest that brain structures medi-
ate the relationship between cognition and BP [14].
However, some of these studies have relatively small
sample sizes (n<1000) with different age distribu-
tions which may explain conflicting or null findings
between hypertension with brain structure and cogni-
tion [15—17]. Additionally, previous studies using UK
Biobank [18] have focused on relationships between
either brain structures and/or cognition using sin-
gle hypertensive phenotypes [11, 13] such as BP or
self-reported information and lack detailed charac-
terization of hypertensive status using information
from BP, self-report, and BP lowering medications.
Additionally, the role of duration of hypertension
on brain structures and cognition is less extensively
studied; however, examples in the literature imply
increased duration of hypertension (particularly start-
ing in midlife) is related to poorer cognition or brain
health with few studies focusing on both in the same
population or using extensive measures of global and
sub brain structures [19-21].

Therefore, it is important build on these existing
studies to define the impact of hypertension using
multiple measures (BP, BP medication use, and self-
report) and investigate the impact of duration of
hypertension on the brain and cognition in a large
cohort of dementia free individuals. The objective of
this study is to compare associations between nor-
motensive and hypertensive individuals with both

brain volumes and cognition tests in the UK Biobank
cohort. Furthermore, the impact of duration of hyper-
tension will also be evaluated. It is hypothesized
that those individuals with hypertension will have
smaller brain volumes and white matter patholo-
gies as well as poorer results on the cognitive tests
compared to normotensive individuals. Furthermore,
these differences could be greater for those who have
had hypertension the longest; following the assump-
tion individuals will have more cumulative damage
to the different areas of the brain from prolonged
hypertension exposure, which in turn could influence
cognition.

This work provides a novel investigation by
using multiple measures to define hypertension (BP
measurements, hypertensive medication, and self-
reported) and the investigation of duration of hyper-
tension and the combination of these is a substantial
advance on prior large-sample brain-cognitive
analyses—particularly those in UK Biobank which
present otherwise similar analyses.

MATERIALS AND METHODS
Study design

A cross-sectional study of nearly 40,000 partic-
ipants in UK Biobank was used to determine the
association between normotensive and hypertensive
people with a variety of brain volumes and a series of
cognitive tests. Furthermore, the impact of duration
of hypertension calculated retrospectively was also
investigated.

Setting

The UK Biobank cohort is a large prospective
cohort of over half a million participants. All partic-
ipants, who were aged between 40 and 69, attended
their baseline assessment center from 2006 to 2010
where they completed a series of physical, sociode-
mographic, cognitive, and medical assessments. In
this study, only data from 2014 to early 2020 from
the first imaging visit was utilized (n=39,696).

Participants

All participants who attended the assessment cen-
ter for an MRI scan were included in this study.
Participants also took part in cognitive assessments
and a nurse-led interview asking questions about
medical history and medications on the same day.
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To address the possibility that associations between
hypertension and cognitive function might be driven
by participants with prevalent neurological disor-
ders, these participants were excluded who had
self-reported conditions that affected brain func-
tion at the assessment (n=1,113) [11, 22]. The UK
Biobank field codes for all these variables and all
other variables utilized in this paper can be found in
Supplementary Tables 1 and 2.

Variables

Hypertension and length of hypertension

Participants with valid BP were utilized for this
study (n=31,513). Using an Omron 705 IT elec-
tronic blood pressure monitor (OMRON Healthcare
Europe B.V. Kruisweg 577 2132 NA Hoofddorp), two
BP measures were obtained at two different times
from the sitting position taken using the left arm only
unless this was not practical. A Seca tape was used to
determined cuff sized (small, medium, large). For this
work, an average of these two measurements were
taken and where only one valid measure was avail-
able this single measure used (SBP n=1,941, DBP
n=1,937).

Following the NICE guidelines [23] for suspected
hypertension, participants were defined as hyper-
tensive if they had systolic blood pressure (SBP)
> 140mm Hg and diastolic blood pressure (DBP)
>90mm Hg or were taking BP medications or
those who reported a doctor had ever told them
they had high BP. This resulted in a total of 17,196
hypertensive individuals and 14,317 normotensive
individuals.

We additionally split participants from this hyper-
tensive group (n=17,196) into two further groups
based on whether or not an individual had or had
not reported they had hypertension at the nurse inter-
view. This produced two hypertensive groups of 1) no
self-reported information on hypertension diagnosis
(n=28,434) but with high BP but not taking BP med-
ications, 2) hypertension self-reported (n=38,762)
containing participants with both high BP and/or
taking BP lowering medications and self-reported
hypertension. The justification for this was to inves-
tigate the relationships between normotensives with
individuals with potential undiagnosed hypertension
as well as those with individuals who confirmed their
diagnosis. Secondly, by splitting the hypertensive
group in this way we can reduce any heterogeneity
of the cohort, which might be diminishing the power
of any analysis. Length of hypertension in years was

calculated from participants (n=7,142) using age at
imaging assessment date and the age at which par-
ticipants reported when a doctor first diagnosed high
BP.

Brain volumes

For this work, we utilized the Imaging Derived
Phenotypes (IDPs) derived from the MRI brain
images provided by UK Biobank. These IDPs
were generated using an image-processing pipeline
developed and run on behalf of UK Biobank. Further
details are available on the UK Biobank website
(http://biobank.ndph.ox.ac.uk/showcase/label.cgi?id
=100) and other publications [24].

Based on other works [11, 14], for this study
we included total brain volume, grey matter vol-
ume, white matter hyperintensity (WMH) volume,
subcortical volumes (accumbens, amygdala, cau-
date, hippocampus, pallidum, putamen, thalamus),
and latent measures of tract-averaged fractional
anisotropy (FA) and mean diffusivity (MD) of all
the white matter tracts available from UK Biobank.
FA and MD are imaged using diffusion-tensor imag-
ing (DTI) which can indicate white matter tract
microstructural integrity: higher FA values suggest
better health, whereas higher MD suggests worse
white matter tract health. Due to the high correlation
across the brain of individual regions of FA and MD
we created single general latent measures of FA and
MD (gFA and gMD) using confirmatory factor anal-
ysis as described in other published works [11, 25].
Outlier data points, defined as being further than &4
SD from the mean, were excluded (<1% of values).

Cognitive tests

For this work, the cognitive tests used were
verbal-numerical reasoning, pairs matching (mem-
ory), reaction time (processing speed), Matrix
Pattern (nonverbal reasoning), Symbol-Digit Substi-
tution (executive function/processing speed), tower
rearranging (executive function/ planning), and the
difference between Trail-Making Tests (TMT) B and
A (processing speed/executive function). Further
information regarding the cognitive tests can be found
https://biobank.ctsu.ox.ac.uk/crystal/label.cgi?id=10
0026 and in the Supplementary Material. The first
three tests are bespoke to UK Biobank and admin-
istered both at baseline and the imaging visits.
The remaining tests were validated cognitive tests
(Matrix Pattern, Symbol-Digit Substitution, tower
rearranging, Trail-Making Tests (TMT) B and A)
which were additionally administered at the MRI
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visits from 2016 to provide further measures of
cognitive function in domains affected by increasing
age [26]. Higher values indicate better cognitive
performance on verbal and numeric reasoning,
matrix reasoning, symbol-digit substitution, and
tower rearranging, and worse cognitive performance
on the reaction time, pairs matching, and TMT B -
TMT A. Further information on the cognitive tests
can be found in the Supplementary Material.

Covariates

In the main analysis, brain volumes and cognitive
test outcomes were adjusted for age at assessment
visit, sex, education, ethnicity, assessment center, and
other related vascular risk factors: body mass index
(BMI), smoking status, diabetes, and hyperlipidemia.
In order to correct for the interactions between sex,
age, age® (non-linear effects), we included sex*age
and sex*age” as covariates in all analysis [11, 27]. For
the brain volume analysis only, we corrected for head
size (which is which is synonymous with intracranial
volume) and head position using the x-, y-, and z-axis
position coordinates which were mean centered. Fur-
ther information regarding covariates can be found in
the Supplementary Material.

Statistical methods

All analysis were performed using R version 4.0.2.
Descriptive statistics were generated to characterize
the study cohort with respect to all study variables.
We used one-way analysis of variance and Chi-square
testing to compare normotensive and hypertensive
state on continuous and categorical variables. Lin-
ear regression models were used to estimate the
association between hypertensive state or length of
hypertension with brain volumes or cognitive perfor-
mance while adjusting for other covariates. Natural
logarithm transformations or square root transfor-
mations were applied to make to any non-normally
distributed outcome variables normally distributed
prior to analysis and quantile-quantile (qq) plots were
used to assess the validity of all transformed distri-
butions. Natural Log transformations were applied
to the cognitive outcome reaction time and the brain
volume WMH. For the pairs matching cognitive tests,
a natural log transformation+1 (In(x+ 1)) was used,
and for TMT B — A, a square root transformation was
applied as log transformation did not create a nor-
mal distribution for this variable. For all analysis, the
standardized beta coefficients are reported through-

out to facilitate comparison of associations across
the brain volumes and cognitive tests. p values were
adjusted for multiple testing using False Discovery
Rate (FDR) [28].

RESULTS

In this study, all 31,513 participants who attended
the imaging assessment center, had MRI brain
images, BP measurements, and no prevalent neu-
rological disorders were included. Participants were
aged between 44 and 82 (M =63.46,SD =7.53) years,
and their characteristics stratified by hypertensive
state are shown in Table 1. The descriptive infor-
mation from Table 1 indicates that, when using
monovariate (one-way analysis of variance and Chi-
square or Fisher exact) tests, for all demographics,
brain volumes, and cognitive tests, there is a statis-
tically significant difference between normotensive
and hypertensive individuals. An additional table
presenting the descriptive demographics for nor-
motensives versus hypertensives further divided into
1) no self-reported information on hypertension
diagnosis and 2) hypertension self-reported can be
founding in Supplementary Table 3.

From Table 1, hypertensive individuals are gen-
erally older, more likely to be male, have a higher
BMI, with a larger proportion of current or previ-
ous smokers compared to normotensive people. As
expected, the hypertensive group have higher SBP
and DBP as well as a higher percentage of co mor-
bidities such as diabetes. The level of missingness
for the variables in Table 1 were < 1% and < 5% for
the demographics and brain volumes. For the cogni-
tive tests, for the original battery (reaction time, pairs
matching, etc.) had between 5—7% missing data. As
expected, the newer cognitive tests had the highest
level of missingess (38—40%) due to the introduction
of these tests in 2016.

Association of brain volumes between
normotensive and hypertensive individuals

After adjusting for demographics, other vascu-
lar risk factors and technical confounds there were
statistically significant associations between hyper-
tensive (n=17,196) and normotensive (n=14,317)
individuals across the majority of brain volumes apart
from the sub cortical regions hippocampus, putamen,
and pallidum (Table 2). The covariates which con-
tributed significantly to these associations were age,
agez, education, smoking, gender, assessment center,
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Table 1
Cross-sectional characteristics of UK Biobank participants at imaging visit stratified by hypertensive state
Normotensive (n=14,317)  Hypertensive (n=17,196) p n

Demographics
Age, y (mean (SD)) 61.16 (7.39) 65.38 (7.09) <0.001 31,513
Gender (Male (%)) 5,423 (37.9) 9,397 (54.6) <0.001 31,513
BMI, kg/m? (mean (SD)) 25.35(3.88) 27.45 (4.56) <0.001 31,227
Ethnicity (White (%)) 13,820 (96.8) 16,681 (97.3) 0.016 31,429
Education — Degree (%) 7,541 (53.1) 7,731 (45.4) <0.001 31,231
Assessment Centre (%) <0.001 31,513

Cheadle 9,927 (69.3) 11,290 (65.7)

Reading 1,898 (13.3) 1,831 (10.6)

Newcastle 2,492 (17.4) 4,075 (23.7)
Smoking Status (Ever/Current (%)) 5,015 (35.3) 6,599 (38.7) <0.001 31,260
DBP, mm Hg (mean (SD)) 73.29 (7.57) 83.03 (9.74) <0.001 31,513
SBP, mm Hg (mean (SD)) 124.17 (10.09) 149.77 (15.78) <0.001 31,513
Hypercholesterolemia (N (%)) 1,818 (12.7) 5,785 (33.6) <0.001 31,513
Diabetes (N (%)) 362 (2.5) 1,348 (7.8) <0.001 31,513
Length of Hypertension, y (mean (SD)) - 12.27 (9.28) - 7,142
Brain Volumes (Voxels)
Total Brain Volume mm?> (mean (SD)) 1,165,040.96 (110,430.33)  1,160,670.69 (111,722.22)  0.001 31,506
WMH mm? (mean (SD)) 3,249.73 (3,635.94) 5,346.95 (5,241.52) <0.001 30,013
Ventricular CSF mm? (mean (SD)) 32,800.50 (14,472.97) 38,430.21 (16,451.27) <0.001 31,354
Grey Matter mm? (mean (SD)) 620,528.85 (54,781.27) 611,822.81 (55,915.62) <0.001 31,508
Hippocampus mm? (mean (SD)) 3,874 (424) 3,822 (440) <0.001 31,473
Accumbens mm? (mean (SD)) 459 (103) 430 (105) <0.001 31,498
Amygdala mm? (mean (SD)) 1,246 (215) 1,251 (218) 0.065 31,493
Pallidum mm? (mean (SD)) 1,783 (213) 1,774 (229) <0.001 31,443
Putamen mm?> (mean (SD)) 4,828 (555) 4,782 (577) <0.001 31,470
Caudate mm?3 (mean (SD)) 3,470 (412) 3,475 (425) 0.219 31,468
Thalamus mm? (mean (SD)) 7,722 (728) 7,618 (723) <0.001 31,449
gFA units M (SD) 0.09 (0.52) -0.08 (0.58) <0.001 29,686
gMD units M (SD) -0.10 (0.41) 0.08 (0.48) <0.001 29,686
Cognitive Tests
Pairs Matching - Incorrect matches (mean (SD)) 3.51(2.78) 3.77 (2.93) <0.001 29,241
Verbal and Numerical Reasoning — Correct answers 6.78 (2.06) 6.57 (2.06) <0.001 29,182
(mean (SD))
Reaction Time, s (mean (SD)) 585.21 (106.45) 599.11 (109.60) <0.001 29,628
Trail-Making Test B — A, s (mean (SD)) 314.41 (178.04) 352.33(199.38) <0.001 18,801
Matrix Reasoning — Correct answers (mean (SD)) 8.21 (2.10) 7.85 (2.14) <0.001 19478
Symbol-Digit Substitution — Correct answers (mean (SD)) 19.94 (5.16) 18.34 (5.17) <0.001 19,503
Tower Rearranging — Correct answers (mean (SD)) 10.17 (3.22) 9.77 (3.22) <0.001 19,310

p values are adjusted for multiple tests using FDR, one-way an:

alysis of variance and Chi-square testing to compare normotensive and

hypertensive state on continuous and categorical variables. DBP, diastolic blood pressure; SBP, systolic blood pressure.

BMI, and age gender interactions. We also showed
that stratifying hypertensive participants by BP med-
ication use, those taking BP medications also had
smaller brain measures (Supplementary Figure 1).
In additional analyses, we investigated the interac-
tion between age and hypertension on brain volumes.
A significant interaction would indicate a different
association magnitude at different ages (Supplemen-
tary Table 4 and Supplementary Figure 2a-d). The
results show there is a small significant positive
interaction between age and hypertension on lower
total brain volume (interaction 8 =0.016, main effect
B=-0.011), and lower thalamus volume (interaction

3 =0.042, main effect 3 =-0.026) and higher gMD
(interaction 3 =0.024, main effect 3 =0.098). There
was a negative interaction between age and hyper-
tension on lower gFA (interaction 3 =-0.027, main
effect B =-0.096). This indicates that hypertension
is more strongly associated with smaller brain vol-
umes in younger age for total brain volume, gFA, and
the thalamus whereas for gMD, hypertension is more
strongly associated with less healthy white matter in
older age. There was no evidence that associations
between other brain measures.

To determine if the differences in brain vol-
umes between the normotensive and hypertensive
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Table 2
Association between hypertensive and normotensive participants with brain volumes
95% CI
Standardized B Lower Upper p n

Brain Volumes

Total Brain Volume -0.0118 -0.0219 -0.0017 0.028 30,778
Total Grey Matter -0.0346 -0.0461 -0.0231 <0.001 30,781
Ventricular CSF 0.0414 0.022 0.0607 <0.001 30,631
WMH 0.1976 0.177 0.2183 <0.001 29,322
gFA -0.0957 -0.1091 -0.0824 <0.001 28,997
gMD 0.0978 0.0875 0.1081 <0.001 28,997
Hippocampus -0.0178 -0.039 0.0035 0.184 30,745
Thalamus -0.0273 -0.0439 -0.0108 0.002 30,722
Caudate 0.0322 0.0118 0.0525 0.004 30,741
Putamen -0.0047 -0.0233 0.0139 0.828 30,742
Pallidum -0.0071 -0.028 0.0139 0.564 30,716
Amygdala -0.0351 -0.0576 -0.0126 0.005 30,764
Accumbens -0.0625 -0.0835 -0.0414 <0.001 30,770

Standardized betas, 95% CI and p-values are reported from regression models where hypertension
status is regressed onto MRI measures adjusted for age, sex, sex*age, sex*agez, education, ethnicity,
assessment center, body mass index, smoking status, diabetes, and hyperlipidemia. position MRI
confounds and head size. Negative values indicate smaller volumes for hypertensive participants
compared with normotensive participants for all volumes apart from WHM, ventricular CSF, and
gMD. gFA, latent measure of white matter fractional anisotropy; gMD, latent measure of white
matter mean diffusivity. p values are adjusted using false discovery rate.

individuals were being attenuated by misclassifica-
tion of hypertension using BP measures or undiag-
nosed hypertension, we carried out an additional anal-
ysis using information of self-reported hypertension
diagnosis. We then tested the association between
all brain volumes with normotensive individuals and
hypertensive individuals split into these two groups.
The results for this analysis are presented in Fig. 1.
From Fig. 1, participants who were hypertensive
and had self-reported hypertension had smaller brain
volumes for the majority of brain volumes tested apart
from the putamen. Interestingly, compared to nor-
motensive participants, both hypertensive groups had
significantly larger WMH, gFA, and smaller gMD
volumes with those with self-reported hypertension
having the largest standardized betas. Stratification
of self-reported hypertensives by BP medication use
showed similar results (Supplementary Figure 3).

The association of duration of hypertension on
brain volumes

We next explored the impact of the length of
hypertension (in years) with brain volumes in those
participants who reported the date they were first
diagnosed with high BP (n="7,142). The results are
shown in Table 3.

From Table 3, there was a significant association
between grey matter volume with increasing num-
ber of years of hypertension with decreases of brain

volumes of —0.017 per year since diagnosis which
when unstandardized equates to a decrease in total
grey matter volume of 102 mm? per year since hyper-
tension diagnosis. Although other brain volumes
were not statistically significant, they do indicate a
direction of effect with smaller total brain volumes
(B=-0.012), larger ventricular CSF (8 =+0.021) and
smaller accumbens volumes (3 =—0.021).

Next, we wanted to investigate whether certain
groups based on their length of hypertension were
driving the effect of the association between brain
volumes or any potential non-linear effects. There-
fore, we took those with a length of hypertension
value (n=7,142) and split this group into four groups
based on the quartiles of the length of hypertension.
The cut-offs obtained based on the quartiles were
less than 5 years, 6-11 years, 12—17 years, and > 18
years. This resulted in 1,902, 1,958, 1,528, and 1,754
hypertensive participants in each group respectively.
Using normotensive people as the reference group
(n=14,317), we analyzed the association between
this multi-level variable with the brain volumes. The
results for the association of brain volumes for these
different quartile groups are shown in Fig. 2.

From Fig. 2, there are clear trends between partic-
ipants with longer time since hypertension diagnosis
and smaller total grey matter and larger ventric-
ular CSF and WMH compared to normotensives.
Additionally, for hippocampal and total brain vol-
ume, compared to normotensives, participants with
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Description
Total Brain Volume (n =30778)
Hypertensive - Not self reported
Hypertensive - Self reported o
Total Grey Matter (n =30781)
Hypertensive - Not self reported
Hypertensive - Self reported @
Ventricular CSF (n =30631)
Hypertensive - Not self reported
Hypertensive - Self reported
WMH (n =29322)
Hypertensive - Not self reported
Hypertensive - Self reported
gFA (n =28997)
Hypertensive - Not self reported e
Hypertensive - Self reported .
gMD (n =28997)
Hypertensive - Not self reported
Hypertensive - Self reported
Hippocampus (n =30745)
Hypertensive - Not self reported
Hypertensive - Self reported ——t
Thalamus (n =30722)
Hypertensive - Not self reported
Hypertensive - Self reported =0
Caudate (n =30741)
Hypertensive - Not self reported
Hypertensive - Self reported
Putamen (n =30742)
Hypertensive - Not self reported
Hypertensive - Self reported
Pallidum (n =30716)
Hypertensive - Not self reported
Hypertensive - self reported ——
Amygdala (n =30765)
Hypertensive - Not self reported
Hypertensive - Self reported —e—
Accumbens (n =30770)
Hypertensive - Not self reported
Hypertensive - Self reported -

Standardized Beta

-0.0020 (-0.0137 to 0.0096)
-0.0240 (-0.0364 to -0.0116)

-0.0119 (-0.0252 to 0.0013)
-0.0630 (-0.0771 to -0.0489)

0.0145 (-0.0078 to 0.0367)

o 0.0752 (0.0514 to 0.0990)

e 0.1367 (0.1130 to 0.1604)
—eo— 0.2748 (0.2494 to 0.3002)

-0.0542 (-0.0695 to -0.0389)
-0.1478 (-0.1642 to -0.1314)

o 0.0612 (0.0494 to 0.0731)

L 0.1438 (0.1311 to 0.1564)

0.0041 (-0.0204 to 0.0286)
-0.0452 (-0.0713 to -0.0180)

-0.0145 (-0.0335 to 0.0046)
-0.0434 (-0.0637 to -0.0230)

0.0249 (0.0014 to 0.0483)

o 0.0413 (0.0163 to 0.0663)

-0.0018 (-0.0233 to 0.0196)
-0.0083 (-0.0312 to 0.0146)

0.0120 (-0.0121 to 0.0361)
-0.0309 (-0.0567 to -0.0052)

-0.0170 (-0.0429 to 0.0088)
-0.0577 (-0.0854 to -0.0301)

-0.0278 (-0.0521 to -0.0035)
-0.1059 (-0.1318 to -0.0800)

r T
-0.2 -01

T T T
0.1 0.2 03

Fig. 1. Forest plot showing the association of different brain volumes with hypertensive participants with and without self-reported hyper-
tension versus normotensive participants. Black circles indicate standardized betas with FDR p values < 0.05. For brain volumes, negative
values indicate smaller volumes for each hypertensive group compared to normotensive participants apart from ventricular CSF, WMH, and
gMD. gFA, latent measure of white matter fractional anisotropy; gMD, latent measure of white matter mean diffusivity.

more than 18 years since hypertensive diagnosis
were associated with smaller total and hippocam-
pal volumes. For the other grey matter regions, there
was no clear relationship with length of hyperten-
sion apart from accumbens where smaller volumes

are associated with length of hypertension up to 18
years compared with normotensives. Additionally,
for gFA, gMD latent factors there appears to be non-
linear relationships with these latent factors and with
smaller gFA and larger gMD up to 18 years compared
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Table 3
Association between length of hypertension in years with brain volumes in hypertensive participants
95% CI
Standardized B Lower Upper p n
Brain Volumes
Total Brain Volume -0.012 -0.022 -0.001 0.064 6,996
Total Grey Matter -0.017 -0.029 -0.005 0.009 6,998
Ventricular CSF 0.021 0.000 0.042 0.094 6,934
WMH 0.017 -0.004 0.038 0.180 6,588
gFA -0.010 -0.024 0.004 0.299 6,574
gMD 0.006 -0.005 0.018 0.423 6,574
Hippocampus -0.021 —0.043 0.000 0.134 6,989
Thalamus -0.017 -0.033 0.000 0.102 6,986
Caudate -0.007 -0.027 0.014 0.577 6,986
Putamen -0.007 -0.026 0.012 0.593 6,987
Pallidum -0.018 -0.039 0.004 0.177 6,983
Amygdala -0.021 -0.043 0.002 0.184 6,992
Accumbens -0.021 -0.042 0.000 0.082 6,992

Standardized betas, 95% CI and p-values are reported from regression models where length of hyperten-
sion is regressed onto MRI measures adjusted for age, age?, sex, sex*age, sex*age?, education, ethnicity,
assessment center, body mass index, smoking status, diabetes, and hyperlipidemia. position MRI confounds
and head size. For brain volumes, negative values indicate smaller volumes for each hypertensive group
compared to normotensive participants apart from ventricular CSF, WMH, and gMD. gFA, latent measure
of white matter fractional anisotropy; gMD, latent measure of white matter mean diffusivity. p values are

adjusted using false discovery rate.

to normotensives. For the majority of other sub
cortical volumes, those with hypertension between
12—17 years had smaller sub cortical volumes com-
pared to normotensive participants. In additional
analysis, we repeated the analysis changing the ref-
erence group to those with the shortest time since
hypertension diagnosis (<5 years) and removing
the normotensive participants. This analysis showed
that those with the longest length of hypertension
(> 18 years) still had significantly smaller total brain,
total grey matter volumes, and accumbens as well
as larger ventricular CSF volumes (Supplementary
Figure 4).

The association of cognitive function between
normotensive and hypertensive individuals

Next, we wanted to test whether there were
differences in cognitive function between normoten-
sive and hypertensive individuals among those who
attended the imaging assessment. This was in order
to understand if the differences in brain volumes
between hypertensive statuses were also reflected in
cognitive function. For the majority of cognitive tests,
there were no statistically significant associations
between hypertensive (n=17,196) and normotensive
(n=14,317) individuals apart from verbal and numer-
ical reasoning (Table 4). For all the majority of the
cognitive tests, covariates that contributed signifi-

cantly were age, education, gender, and ethnicity.
Stratification by BP medication use showed differ-
ences for pairs matching, matrix pattern and tower
rearranging in medicated participants (Supplemen-
tary Figure 5). Furthermore, there were no significant
age interactions between hypertension and any of the
cognitive tests (Supplementary Table 5).

In additional analysis, we also ran the same anal-
ysis using the whole baseline cohort (n=453,516)
for the original cognitive tests reaction time
(n=437,794), verbal and numerical reasoning
(n=155,151), and pairs matching (n =429,847). This
was to determine if the negative results could be due to
lack of power to detect the smaller effect sizes for the
cognitive tests. In this analysis, we found significant
associations, showing poorer cognitive performance
between hypertensive individuals and normotensives
for all three cognitive tests in the baseline participants
(Supplementary Figure 6).

As with the brain imaging variables, we fur-
ther tested the association between normotensive
and hypertensive groups by further sub dividing the
hypertensive group into those that did or did not report
that they had hypertension as shown in in Fig. 3.

According to Fig. 3, those hypertensive individuals
who also reported they had high BP had poorer cog-
nitive performance for pairs matching (3 =+0.037
[95%CI 0.006 to 0.069]), matrix pattern (3 =-0.042
[95%CI -0.078 to —0.005]), symbol digit substitu-
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Description ! Standardized Beta (95 % CI)
Total Brain Volume (n =21021) ;

< 5 years ‘ -0.0057 (-0.0260 to 0.0147)

6-11 years -0.0077 (-0.0283 to 0.0129)

12-17 years - -0.0244 (-0.0476 to -0.0013)

> 18 years o' -0.0347 (-0.0568 to -0.0126)
Total Grey Matter (n =21023) 3

<5 years i -0.0367 (-0.0597 to -0.0137)

6-11 years ot ‘ -0.0455 (-0.0688 to -0.0222)

12-17 years [P -0.0626 (-0.0889 to -0.0364)

>18 yearscs i : -0.0851 (-0.1101 to -0.0601)
Ventricular CSF (n =20924) '

< 5 years —a— 0.0417 (0.0033 to 0.0801)

6-11 years i —— 0.0664 (0.0276 to 0.1052)

12-17 years \ —.— 0.0849 (0.0411 to 0.1287)

> 18 years ' —a— 0.1047 (0.0629 to 0.1465)
WMH (n =20043) ;

< 5 years i [—— 0.2804 (0.2388 to 0.3220)

6-11 years ‘ —.— 0.2728 (0.2306 to 0.3148)

12-17 years : —.—t 0.2775 (0.2300 to 0.3250)

> 18 years 3 ~e—  0.3167 (0.2713 to 0.3620)
gFA (n =28997) i

<5 years - -0.0542 (-0.0695 to -0.0389)

6-11 years ; -0.1478 (-0.1642 to -0.1314)

12-17 years - -0.1530 (-0.1619 to -0.1440)

> 18 years : 0.0104 (-0.0020 to 0.0227)
gMD (n =28997) '

<5 years |- 0.0612 (0.0494 to 0.0731)

6-11 years 3 - 0.1438 (0.1311 to 0.1564)

12-17 years - 0.1736 (0.1667 to 0.1805)

> 18 years -: -0.0120 (-0.0216 to -0.0025)
Hippocampus (n =20999) ;

<5years v -0.0230 (-0.0655 to 0.0195)

6-11 years \ -0.0326 (-0.0756 to 0.0104)

12-17 years { -0.0497 (-0.0981 to -0.0013)

> 18 years -—Q-«-i -0.0649 (-0.1110 to -0.0187)
Thalamus (n =30722) '

<5 years y -0.0145 (-0.0335 to 0.0046)

6-11 years o -0.0434 (-0.0637 to -0.0230)

12-17 years i -0.3095 (-0.3206 to -0.2983)

> 18 years i- 0.0344 (0.0190 to 0.0497)
Caudate (n =30741) '

<5 years } 0.0249 (0.0014 to 0.0483)

6-11 years . 0.0413 (0.0163 to 0.0663)

1217 years - -0.1059 (-0.1196 to -0.0923)

> 18 years |- 0.0332 (0.0144 to 0.0521)

i

Putamen (n =30742) i

<5 years : -0.0018 (-0.0233 to 0.0196)

6-11 years : -0.0083 (-0.0312 to 0.0146)

12-17 years 1 -0.2910 (-0.3035 to -0.2785)

> 18 years i 0.0179 (0.0006 to 0.0351)
Pallidum (n =30716) '

< 5 years b 0.0120 (-0.0121 to 0.0361)

6-11 years o -0.0309 (-0.0567 to -0.0052)

12-17 years - 3 -0.1093 (-0.1234 to -0.0952)

> 18 years - 0.0263 (0.0068 to 0.0457)
Amygdala (n =30765) i

<5 years -0.0170 (-0.0429 to 0.0088)

6-11 years Eal -0.0577 (-0.0854 to -0.0301)

1217 years : 0.0007 (-0.0144 to 0.0159)

> 18 years e 0.0646 (0.0437 to 0.0854)
Accumbens (n =30770) :

< 5 years "‘: -0.0278 (-0.0521 to -0.0035)

6-11 years L I -0.1059 (-0.1318 to -0.0800)

12-17 years 3 -0.3650 (-0.3792 to -0.3508)

> 18 years : 0.0087 (-0.0109 to 0.0282)

‘ i ‘
-02 0o 02

Fig. 2. Forest plot showing the association of different brain volumes with length of hypertension split into quartiles versus normotensive
participants. Black circles indicate standardized betas with FDR p values <0.05. gFA, latent measure of white matter fractional anisotropy;
gMD, latent measure of white matter mean diffusivity. For brain volumes, negative values indicate smaller volumes for each hypertensive
group compared to normotensive participants apart from ventricular CSF, WMH, and gMD.
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Table 4
Association between hypertensive and normotensive participants with cognitive function tests
Standardized 3 95% CI p n
Lower  Upper

Cognitive test

Reaction Time -0.023 -0.047 0.001 0.094 29,098
Verbal and numerical reasoning -0.039 —-0.063 -0.015 0.003 28,666
Pairs Matching 0.021 -0.004 0.047 0.173 28,716
Trail Making Test Part B - A 0.011 -0.020 0.041 0.621 18,394
Matrix Pattern -0.020 -0.049 0.010 0.208 19,053
Symbol Digit Substitution -0.019 -0.047 0.009 0.241 19,074
Tower Rearranging -0.028 -0.058 0.003 0.102 18,895

Standardized betas, 95% CI and p-values are reported from regression models where hypertension
status is regressed onto cognitive test measures adjusted for age, age?, sex, sex*age, sex*age?,
education, ethnicity, assessment center, body mass index, smoking status, diabetes, and hyperlipi-
demia. For the cognitive tests, negative values indicate better cognitive function for reaction time,
pairs matching, TMT B-A, whereas positive scores indicate better cognitive scores for verbal and
numerical reasoning, matrix pattern, symbol digit substitution and tower rearranging. p values are

adjusted using false discovery rate.

Description
Reaction Time (n =29098)

Standardized Beta (95 % CI)

]
Hypertensive - Not self reported n—t—-E -0.0310 (-0.0585 to -0.0035)
Hypertensive - Self reported ; -0.0135 (-0.0430 to 0.0159)
Verbal & Numerical Reasoning (n =28666) E
Hypertensive - Not self reported —_—— -0.0485 (-0.0763 to -0.0208)
Hypertensive - Self reported : -0.0264 (-0.0560 to 0.0033)
Pairs Matching (n =28716) ;
Hypertensive - Not self reported T 0.0091 (-0.0199 to 0.0381)
Hypertensive - Self reported E —— 0.0374 (0.0064 to 0.0685)
Trail Making Test B - A (n =18394) :
Hypertensive - Not self reported ' 0.0062 (-0.0282 to 0.0405)
Hypertensive - Self reported : 0.0164 (-0.0212 to 0.0540)
Matrix Pattern (n =19053) i
Hypertensive - Not self reported : -0.0030 (-0.0364 to 0.0304)
Hypertensive - Self reported —_—— -0.0417 (-0.0781 to -0.0053)
Symbol Digit Substitution (n =19074) ‘
Hypertensive - Not self reported : -0.0028 (-0.0346 to 0.0290)
Hypertensive - Self reported —— -0.0400 (-0.0747 to -0.0053)
Tower Rearranging (n =18895) E
Hypertensive - Not self reported . -0.0088 (-0.0434 to 0.0259)
Hypertensive - Self reported [m— E -0.0535 (-0.0913 to -0.0157)
01 0.0 01

Fig. 3. Forest plot showing the association of cognitive tests with hypertensive participants with and without self-reported hypertension
versus normotensive participants. Black circles indicate standardized betas with p values <0.05. For the cognitive tests, negative values
indicate better cognitive function for reaction time, pairs matching, and TMT B-A, whereas positive scores indicate better cognitive scores
for verbal and numerical reasoning, matrix pattern, symbol digit substitution, and tower rearranging. p values are adjusted using FDR.

tion (B=-0.040 [95%CI -0.075 to —0.005]), and
tower rearranging (3=-0.054 [95%CI -0.091 to
—0.016]). Finally, compared to the normotensive
group those hypertensive individuals with no con-
firmed self-reported hypertension had better scores
on the reaction time and verbal and numerical reason-
ing cognitive tests. Stratification by BP medication
in self-reported hypertensives showed similar results

to Fig. 3 (Supplementary Figure 7). Again, we also
performed the same analysis using the participants
from the baseline visit (Supplementary Figure 8).
The results using the baseline individuals replicated
those seen in Fig. 3 for pairs matching and showed
that people with self-reported hypertension also had
slower reaction times and poorer scores on verbal and
numerical reasoning.
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Table 5

Association between length of hypertension with cognitive function tests in hypertensive
participants at imaging visit

95% C1
Standardized 3 Lower Upper p n

Cognitive Tests

Reaction Time 0.015 -0.009 0.039 0.318 6,596
Verbal and numerical reasoning 0.012 -0.012 0.035 0.424 6,490
Pairs Matching 0.012 -0.013 0.037 0.520 6,505
Trail Making Test Part B-A -0.002 -0.033 0.028 0.879 4,061
Matrix Pattern 0.027 -0.002 0.056 0.146 4,238
Symbol Digit Substitution 0.002 -0.026 0.029 0.915 4,229
Tower Rearranging -0.001 —-0.031 0.028 0.927 4,189

Standardized betas, 95% CI and p-values are reported from regression models where length of hypertension
is regressed onto cognitive test measures adjusted for age, age?, sex, sex*age, sex*age?, education, ethnicity,
assessment center, body mass index, smoking status, diabetes, and hyperlipidemia. For the cognitive tests,
negative values indicate better cognitive function for reaction time, pairs matching, TMT B-A, whereas
positive scores indicate better cognitive scores for verbal and numerical reasoning, matrix pattern, symbol
digit substitution and tower rearranging. p values are adjusted using false discovery rate.

The association of duration of hypertension on
cognitive function

The relationship between number of years of
hypertension and the cognitive tests showed no statis-
tically significant results using only individuals who
attended the imaging visit (Table 5). However, when
we analyzed the larger baseline cohort, we found that
the greater the length of hypertension was associated
with slower reaction time but interestingly better ver-
bal and numerical reasoning scores, whereas there
was no significant association with pairs matching
(Supplementary Table 6).

When we analyzed the number of years of hyper-
tension splitinto quartiles and compared these groups
to normotensive individuals there were not any sig-
nificant trends for any cognitive tests. However,
for verbal and numerical reasoning and matrix pat-
tern cognitive tests, those with less than 5 years
since hypertensive diagnosis had poorer performance
compared to normotensives (Fig. 4). We addition-
ally performed the same analysis using the larger
baseline data, and the results indicate there were
trends between increasing length of hypertension
with poorer reaction time and more errors on the pairs
matching tests but better performance on verbal and
numerical reasoning (Supplementary Figure 9).

DISCUSSION

In this largest imaging study from UK Biobank,
where we focused on using multiple measures to
define hypertension (BP measurements, hypertensive
medication, self-reported information) and duration

of hypertension, we found evidence that overall peo-
ple with hypertension were associated with smaller
brain volumes, larger WMH and ventricular CSF,
and worse cognitive function. Furthermore, we found
that this association was strongest in those individ-
uals with high BP who also confirmed they were
hypertensive through self-report. Finally, we have
shown that as the duration of hypertension increases,
this is associated with smaller total, grey, hippocam-
pal, and larger WMH and ventricular CSF. However,
for the majority of subcortical regions and latent
white matter measures this relationship was not clear.
Finally, there was no clear relationship with dura-
tion of hypertension with cognitive function in the
imaging cohort but there were significant associations
when we examined the whole population at baseline.
The unique aspect of this work is due to using multiple
measures defining hypertension and analysis on dura-
tion of hypertension which is a substantial advance
on prior UK Biobank studies.

Association of hypertension on brain volume and
cognition

Our observations using the largest dataset of brain
imaging in UK Biobank are in agreement with the
majority of studies showing associations between
hypertension, brain volumes, and cognition [11, 13,
14, 16, 29-31]. In particular, Cox et al. (2019)
[11], using a subset of UK Biobank imaging cohort
(n=9,722), showed that combinations of vascular
risk factors including hypertension were associated
with poorer brain health across grey and white matter
macro- and microstructures. The majority of results
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Description
Reaction Time (n =19945)
<5 years
6-11 years
12-17 years
> 18 years
Verbal & Numerical Reasoning (n =19677)
< 5 years
6-11 years
12-17 years
> 18 years
Pairs Matching (n =19702)
< 5 years
6-11 years
12-17 years
> 18 years
Trail Making Test B - A (n =12292)
<5 years
6-11 years
12-17 years
> 18 years
Matrix Pattern (n =12726)
< 5 years
6-11 years
12-17 years
> 18 years
Symbol Digit Substitution (n =12723)
< 5 years
6-11 years
12-17 years
> 18 years
Tower Rerranging (n =12619)
< 5 years
6-11 years
12-17 years
> 18 years

D. Newby et al. / Hypertensive Burden, Brain, and Cognition

Standardized Beta (95 % CI)

-0.0341 (-0.0820 to 0.0138)
-0.0403 (-0.0888 to 0.0081)
0.0211 (-0.0337 to 0.0758)
-0.0134 (-0.0659 to 0.0391)

-0.0761
-0.0045
-0.0202
-0.0129

(-0.1248 to -0.0275)
(-0.0537 to 0.0447)
(-0.0758 to 0.0354)
(-0.0662 to 0.0404)
0.0340 (-0.0166 to 0.0847)
0.0323 (-0.0190 to 0.0836)
0.0361 (-0.0218 to 0.0940)
0.0515 (-0.0040 to 0.1070)

0.0587 (-0.0028 to 0.1203)
-0.0017 (-0.0637 to 0.0603)
-0.0305 (-0.0995 to 0.0384)
-0.0030 (-0.0678 to 0.0619)

-0.0838 (-0.1444 to -0.0233)
-0.0258 (-0.0871 to 0.0355)
0.0168 (-0.0506 to 0.0843)
0.0077 (-0.0558 to 0.0712)

-0.0551
-0.0351
-0.0095
-0.0201

-0.1128 to 0.0026
-0.0934 to 0.0233
-0.0740 to 0.0550
-0.0806 to 0.0404

-0.0461
-0.0569
-0.0426
-0.0643

0.1087 to 0.0165
0.1204 to 0.0065
0.1128 to 0.0275

(-
(-
(-
(-0.1300 to 0.0015

T
-0.1

0.0

T T
0.1 0.2

Fig. 4. Forest plot showing the association of cognitive function tests with length of hypertension split into quartiles versus normotensive
participants. Standardized betas, 95% CI, and p-values are reported from regression models where length of hypertension split into quartiles
with normotensives as. For the cognitive tests, negative values indicate better cognitive function for reaction time, pairs matching, and TMT
B-A, whereas positive scores indicate better cognitive scores for verbal and numerical reasoning, matrix pattern, symbol digit substitution,

and tower rearranging. p values are adjusted using FDR.

from Cox et al. match this study; however, they only
used information on self-reported hypertension not
additional measures such as BP or BP medication
use which may give rise to unidentified hypertensive
cases attenuating potential results. Despite this, con-
sistent with this work, we also found small effect
sizes between hypertension and brain volumes. We
found the subcortical caudate region showed larger
volumes in hypertensive participants whereas Cox et
al. showed a non-significant association. One expla-
nation could be that as this region is adjacent to the
ventricles, an area highly susceptible to WHM; it

could be possible that WMH could be misclassified
as caudate grey matter [32].

However, there are a few studies, which contra-
dict our findings, which could be explained by the
small effect sizes related to hypertension, which may
not be detected in other smaller studies using older
populations. Firstly, Beauchet et al. (2013) carried
out a meta-analysis which showed there were signif-
icant differences in hippocampal volume (n=942);
however, no between-group differences regarding
the whole-grey matter volume (n="768) [6]. Wise-
man et al. (2004) showed older hypertensive subjects
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(=70 years old) had significantly smaller whole brain
volumes (887 £ 109 versus 930 £ 97 cm’, p=0.02)
but there were no differences in hippocampal vol-
umes (n=154) [16]. This inconsistencies between
these studies and this work could be explained by
the small sample sizes used, different demographics,
MRI scanners, BP medication use, different cut offs
for defining hypertension and different age distribu-
tions used for these studies.

Our results relating to cognition function are also
in line with the literature potentially supporting
the detrimental impact of hypertension on cogni-
tion function such as executive function, memory,
reasoning and processing speed [33, 34]. For exam-
ple, a study with 40 participants (age 63.3 £ 9.29),
using latent growth modelling has shown hyperten-
sion was associated with greater deep WMH volume
in the frontal lobe (B=1.09, p<0.05), indicating
that the frontal lobe is especially susceptible to the
hypertension-related WMH [35]. This study along-
side others [36], indicates potentially that WMH
caused by hypertension and other co morbidities
could negatively impact cognition via damage to the
frontal lobe which could be related to worse scores on
cognitive tests of memory (pairs matching), executive
function (tower rearranging) and reasoning (matrix
pattern) from this paper. However, it must be noted
that WMH can accumulate superior to the lateral
ventricles too, such that an array of connections not
exclusive to the frontal lobes are affected.

We did not find a significant relationship between
reaction time with hypertension in those who
attended the imaging visit which contradicts previ-
ous findings [37, 38]. However, when analyzing the
baseline cohort, we did find significant relationship
between hypertension and reaction time. This result
is consistent with Lyall et al. (2016) [13] who found
hypertension (self-reported only) as well as other car-
diometabolic diseases had poorer performance on
all cognitive tests using the baseline cohort of UK
Biobank participants. Therefore, a lack of power to
detect very small effect sizes could explain null find-
ings when analyzing cognition in the imaging cohort.
Despite this, the symbol digit substitution test, a
validated cognitive test also used to test processing
speed, did show slower processing speed in those
with hypertension in the imaging subset. However,
it must be noted that the cognitive function tests used
in UK Biobank can cover multiple domains of cogni-
tive function. A recent study by Ferguson et al. (2020)
showed there were significant relationships between
SBP with cognition specifically reasoning and matrix

pattern but not reaction time, pairs matching, tower
rearranging, or symbol digit substitution. However,
this study used SBP as a continuous measure rather
than hypertension diagnosis, which could explain the
difference in results.

The lack of statistical significance for some of our
results when we compared the hypertensive group
versus normotensive individuals contradicts studies
that have found high BP/hypertensive diagnosis is
associated with poorer brain health and cognition.
However, there are explanations for this. It is possible
that the results are attenuated due to the misclassifi-
cation of participants into the hypertensive group due
to white coat hypertension [39], undiagnosed hyper-
tension, BP medication use, and systematic error on
the BP measurements. We confirmed this in our anal-
ysis where we split our hypertensive group and those
with high BP who also reported they had hypertension
were driving these results (Figs. 1 and 3), whereas
those with high BP who did not report they were
hypertensive had similar brain volumes and cogni-
tion scores to normotensives individuals apart from
WMH, gFA, and gMD. This result could indicate that
WMH and related white matter tracts could high-
light subtle differences between those with different
stages of hypertension compared with other brain vol-
umes related to cognitive decline and dementia [40].
Additionally, those individuals with non-reported
hypertension may have elevated heterogeneity, com-
prising both uncontrolled hypertensive subjects and
normotensive subjects with elevated BP readings,
which could explain why the majority of the brain
volumes were not statistically different from nor-
motensive individuals.

The data used in this study does not permit any
conclusive causal information regarding the biologi-
cal processes of hypertension relative to brain health,
cognitive reserve, and future dementia risk. By high-
lighting these potential processes will be helpful in
pointing to future directions for understanding the
underlying mechanisms in basic research of hyper-
tension and dementia. Hypertension contributes to
cerebral small and large vessel disease and accel-
erates arteriosclerotic changes in the brain, which
influences blood flow to the brain. These changes
affect both grey and white matter and WMH resulting
in diminished brain function. Hypertension related
cognitive decline is potentially a result of the impact
of brain vascular damage and changes to blood flow
resulting diminished cognition function [7]. There is a
clear pathway from hypertension to vascular demen-
tia, involving atherosclerosis and cerebral ischemia
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leading to decline in cognitive function; however,
there is also evidence to suggest hypertension is
increases risk of Alzheimer’s disease, although the
exact mechanisms are unclear.

Association of duration of hypertension on brain
volume and cognition

In our study, we have shown there is an associ-
ation between increasing duration of hypertension
and global brain volumes such as total, grey, WMH,
and ventricular CSF when comparing against nor-
motensive and those with the lowest duration of
hypertension (<5 years) but not for other brain areas.
There was no association found between duration
of hypertension and any of the cognitive function
tests when just focusing on those who attended the
imaging cohort. However, we did show that when
we carried out the same analysis using the baseline
individuals the results do indicate longer duration
of hypertension is associated with poorer cognition.
Although we showed that participants with hyper-
tension had smaller volumes, the majority of sub
cortical regions and white matter regions there was no
clear relationship that supported our hypothesis. This
highlights the complexity of possible relationships
between cross-sectional measures and retrospective
hypertensive measure and brain health for certain sub
cortical regions.

There are few published studies, which have
described the impact of duration of hypertension
on brain volume and cognition. Power et al. (2016)
showed BP status 15 to 24 years before neuroimag-
ing to be most relevant to overall brain atrophy and
specific sub regions using a population from the
Atherosclerosis Risk in Communities Neurocogni-
tive Study [21]. Although this study confirms our
findings, we have shown there is a difference earlier
for total grey matter volumes.

It is interesting to note that hippocampal vol-
ume was significantly associated with those with
confirmed hypertension and in those with hyperten-
sion > 18 years but not significantly associated with
length of hypertension as a continuous measure, high-
lighting those with the longest duration could be
driving the effect. A recent study by Triantafyllou
etal. [15] who showed a longer duration of hyperten-
sion is associated with lower hippocampal volumes
(B=-0.01, 95% CI-0.02 to —0.01, p=0.014). How-
ever, the average age in this cohort was 75.1 5.6
years compared to our study, which was 63.57 £ 7.54
years. Additionally, this study by Triantafyllou only

contained participants with mild memory problems
whereas this paper analyzed healthy participants in
UK Biobank. The study by Triantafyllou alongside
others indicate that hippocampal atrophy is likely
to be greater in those older cohorts with midlife
hypertension and therefore 20-30 years before neu-
roimaging has taken place [10].

Poweretal. (2013) [41] have shown using marginal
structure models that for each one year increase
in duration of time since hypertension was associ-
ated with a decrease in mean age-adjusted cognitive
test z-scores (standard unit difference per year
increase =-0.02 [95%CI =-0.04 to —0.001]). Our ini-
tial analysis did not show a significant relationship
between length of hypertension and cognitive tests
however, this could be for numerous reasons. The
smaller sample size for the length of hypertension
for the cognitive tests could result in a lack of sta-
tistical power to detect the small effects sizes found
in this study as well as the lack of correlation of the
cognitive tests across the different follow up visits
indicating a high variability of cognitive test mea-
sures. It may be necessary in order to observe a
significant hypertension-related decrement in cogni-
tive performance a larger sample would be required
to detect the smaller effect size between cognition
and years of hypertension. This is highlighted in
our work where when we considered the baseline
data, we observed significant differences between
longer duration of hypertension and poorer cogni-
tion (reaction time and pairs matching). Despite this,
when we considered the baseline data verbal and
numerical reasoning test, we found that better scores
on this cognitive test was associated with longer
duration of hypertension. An explanation for this
could be that this cognitive test is measuring aspects
of crystalized intelligence, which peak later on in
midlife [42].

Limitations of the study

Although our study has many strengths such as
using multiple measures to characterize hyperten-
sive status and focusing on duration of hypertension,
it also has some limitations. Firstly, the data used
does not permit conclusive causal claims due to it
being cross-sectional. However, we do have an indi-
cation of temporal associations from the measured
effects of length of hypertension, which was possible
to calculate in a subset of the hypertensive indi-
viduals. Secondly, we did not explore the complete
exhaustive list of all the imaging derived phenotypes,
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of which UK Biobank has derived several hundred.
Furthermore, we only carried out analysis focusing
on the linear relationships between brain volumes
and cognition versus length of hypertension whereas
some of the results do indicate non-linear associa-
tions. Along with other cohort studies, UK Biobank
has healthy participant bias, where the participants
of the cohort are healthier than the general popu-
lation [43, 44]. It is possible that there are recall
biases in some of the self-reported variables used in
this study such as the self-reported hypertension and
age of hypertension diagnosis, which could attenuate
results. Furthermore, for the length of hypertension
due to the silent nature of hypertension it might be
unclear how long a person had hypertension before
their diagnosis, which could affect our results. Due
to the nature of collection of BP measurements, how
we defined ‘hypertension’ may lack clinical accuracy
and introduce further heterogeneity attenuating our
results. This is because a clinical diagnosis of hyper-
tension is confirmed by ambulatory BP monitoring
to prevent misdiagnosis. Whereas in this work, only
two measures were taken so it is possible other fac-
tors could have caused short-term hypertension such
as stress, pain, or white coat hypertension, which
could attenuate results. The effectiveness of BP low-
ering medications could also affect the results by
increasing the heterogeneity of potential brain atro-
phy. This is because it is possible that brain injury
due to hypertension could be different in individu-
als with controlled hypertension versus uncontrolled
hypertension. It is plausible that hypertension may
well interact with differences in genetic susceptibil-
ity that can determine cognitive decline and dementia
related outcomes (e.g., [44, 45]), and this will be a
priority for future work as well as investigating the
life course and interactions with other risk factors
and different hypertensive severity states. Although
we removed people with neurological and neurode-
generative disorders there is the possibility that due
to misclassification bias some participants may have
some of these disorders, which could potentially be
driving the results seen. Finally, another important
limitation is the quality and validity of the bespoke
cognitive tests used in UK Biobank. Research has
shown that some of the cognitive tests have poor reli-
ability, and they are brief and non-standard in nature.
Improvement was shown when combining these cog-
nitive tests into a single latent measure. Work has been
carried out to investigate the validity of the cogni-
tive tests at baseline and follow ups [46, 47]. Despite
this, the bespoke cognitive tests continue to be valu-

able and were designed to be practical for such a
large-scale study.

CONCLUSIONS

In conclusion, we showed that hypertension, a
common cardiovascular risk factor for cognitive
decline and dementia in midlife, is associated with
smaller brain volumes and poorer cognitive perfor-
mance. In particular, as duration of hypertension
increases overall global brain volumes decreases;
however, there appears to be nonlinear effects for
specific brain regions. Our results build upon exist-
ing evidence regarding the role of hypertension as
well as other vascular risk factors could play in the
development of subsequent brain pathology and how
this affects current and future cognitive decline. In
particular, using a variety of measures to define the
hypertensive phenotype (BP, BP medications, self-
reported) adds a significant noteworthy novelty to this
work compared with other smaller studies using the
same cohort. However, this work has shown alongside
others that the effects of hypertension are relatively
small. Despite this, this work supports the impor-
tance of maintaining a healthy BP with regards to
the preservation of brain and cognitive health in later
life. Furthermore, the results suggest the idea of a
slowly progressive effect of hypertension on brain,
which can provide a window of opportunity for early
treatment. Further research is required to identify
the underlying mechanisms involved in hypertension-
related brain changes, specifically in sub cortical
regions and how and when this influences cognitive
decline. By understanding this and the factors that
contribute to the morphological and functional abnor-
malities observed with hypertension, new treatments
can be developed to specifically address the neuro-
physiological and cognitive changes associated with
hypertension for dementia prevention.
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