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ABSTRACT

Background and objectives We aimed to investigate
the white matter (WM) microstructural/cytostructural
disintegrity patterns related to higher systolic blood
pressure (SBP), and whether they mediate SBP effects on
cognitive performance in middle-aged adults.

Methods Using the UK Biobank study of community-
dwelling volunteers aged 40-69 years, we included
participants without a history of stroke, dementia,
demyelinating disease or traumatic brain injury. We
investigated the association of SBP with MRI diffusion
metrics: fractional anisotropy (FA), mean diffusivity

(MD), intracellular volume fraction (a measure of neurite
density), isotropic (free) water volume fraction (ISOVF)

and orientation dispersion across WM tracts. Then, we
determined whether WM diffusion metrics mediated the
effects of SBP on cognitive function.

Results We analysed 31 363 participants—mean age of
63.8 years (SD: 7.7), and 16 523 (53%) females. Higher
SBP was associated with lower FA and neurite density, but
higher MD and ISOVF. Among different WM tracts, diffusion
metrics of the internal capsule anterior limb, external
capsule, superior and posterior corona radiata were most
affected by higher SBP. Among seven cognitive metrics,
SBP levels were only associated with “fluid intelligence’
(adjusted p<0.001). In mediation analysis, the averaged
FA of external capsule, internal capsule anterior limb and
superior cerebellar peduncle mediated 13%, 9% and 13%
of SBP effects on fluid intelligence, while the averaged MD
of external capsule, internal capsule anterior and posterior
limbs, and superior corona radiata mediated 5%, 7%, 7%
and 6% of SBP effects on fluid intelligence, respectively.
Discussion Among asymptomatic adults, higher SBP is
associated with pervasive WM microstructure disintegrity,
partially due to reduced neuronal count, which appears to
mediate SBP adverse effects on fluid intelligence. Diffusion
metrics of select WM tracts, which are most reflective

of SBP-related parenchymal damage and cognitive
impairment, may serve as imaging biomarkers to assess
treatment response in antihypertensive trials.

INTRODUCTION

Blood pressure (BP) is a major risk factor
for cerebrovascular disease.! Asymptomatic
brain pathologies found in hypertensive
people—such as lacunar infarction, cerebral

WHAT IS ALREADY KNOWN ON THIS TOPIC

= In hypertensive individuals, subtle microstructural
changes reflecting axonal damage are present even
in the absence of macroscopic damage and serve as
early warning signs of latent small vessel cerebro-
vascular disease and neuronal injury.

WHAT THIS STUDY ADDS

= Higher systolic blood pressure is associated with
white matter microstructural damage and axonal
loss among asymptomatic middle-aged adults,
which likely mediate the adverse effects of higher
blood pressure on cognitive performance, and are
most notable in the internal and external capsules.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Diffusion metrics of select white matter tracts may
serve as neuroimaging biomarkers to assess treat-
ment response and predict cognitive decline preven-

tion in future antihypertensive trials.

small vessel disease and microbleeds—are
associated with early mild cognitive impair-
ments and dementia." Studies suggested that
lowering the BP may decrease the risk of cogni-
tive impairment or dementia.” In the absence
of treatment for advanced cognitive impair-
ment and dementia, preventive strategies
provide the best option to avoid or delay the
progression of cognitive decline. Advanced
neuroimaging techniques can elucidate the
underlying neurobiology of cerebral injury
associated with BP and cognitive impairment;
and detect clinically and radiologically incip-
ient disease.”

Diffusion tensor imaging (DTI) can detect
microstructural white matter (WM) abnor-
malities even in normal appearing tissue, and
preceding any visually conspicuous injury—
that is, WM hyperintense (WMH) lesions.*
DTI metrics quantify water molecule displace-
ment, which in the brain WM is greater
parallel to axons than perpendicular to them.
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Thus, DTI can probe into neurobiological mechanisms of
axonal fibre injury.” Specifically, lower fractional anisot-
ropy (FA) and higher mean diffusivity (MD) indicate an
overall reduction in WM fibre integrity.” Multiple studies
have investigated the association between DTI biomarkers
and cognitive status, showing a clear relationship with
both disease burden and risk.’ However, the conventional
diffusion tensor model is unable to examine the under-
lying cerebral cytostructure; for example, lower FA may
represent either neuron loss or increased dispersion of
neural fibre orientation. Recently, multicompartment
diffusion models have been proposed for more specific
delineation of brain ‘cytostructure’ based on intracellular,
extracellular and cerebrospinal fluid diffusion character-
istics.” The new multicompartment diffusion models are
more sensitive to subtle cytoarchitectural changes than
conventional DTI; and can determine whether lower
FA is due to decreased axonal/neurite density (ND),
crossing fibres (orientation dispersion, OD) or increased
extracellular isotropic free water diffusion.” Although
prior studies reported that higher BP levels are associated
with altered DTI metrics, there are scarce data on the
topographic distribution of WM microstructural damage
due to BP, the underlying cytostructural injury and how
BP-related changes in diffusion metrics affect cognitive
function.

In our work, we used data from more than 31 000
participants from the UK Biobank® study to investigate
the relationship of systolic BP (SBP) levels with diffu-
sion metrics of microstructural integrity and cytostruc-
tural organisation across different WM tracts. Then, we
explored whether WM tract microstructural disintegrity
mediates the association between SBP levels and cognitive
function. Our results determine the topology and micro-
structural/cytostructural underpinnings of BP-related
WM injury and their relationship with cognitive outcome
in a large cohort of asymptomatic middle-aged adults.

METHODS

Study design

We conducted a nested cross-sectional study within the UK
Biobank, a population-based cohort study that enrolled
502 480 community-dwelling volunteers across the UK
between 2006 and 2010.® For this study, we included
participants with available DTI neuroimaging data and
no medical history of stroke, dementia, multiple sclerosis,
demyelinating disorders or traumatic brain injury.

Neuroimaging protocol

A subset of UK Biobank participants consented to the
imaging study. These participants underwent research-
quality brain MRI using a Siemens Skyra 3-Tesla scanner,
with a standard 32-channel radiofrequency receive head
coil. Multishell diffusion scans were acquired at two
b-values (b=1000 and 2000 s/mm?) at 2 mm isotropic
spatial resolution with 50 distinct diffusion-encoding

directions at each of the two b-values. The scan duration
was 7 min.’

BP measurements

In the UK Biobank study, two measurements of BP were
taken by trained registered nurses using an automated
Omron blood pressure monitor or a manual sphygmom-
eter if the automated device could not be employed or if
appropriately sized BP cuffs were unavailable. Participants
were in a seated position, with feet parallel to each other
flat on the floor, with no restrictive clothing to impede
circulation to their left upper arm (right arm is used if left
is not practical). In our analyses, we used the average of
the first and second SBP measurements obtained during
the imaging visit.

Covariates potentially affecting WM microstructure

We included age, sex, smoking status, body mass index
(BMI), low-density lipoprotein cholesterol (LDL-C),
haemoglobin Alc and history of diabetes mellitus as
covariates in regression models to adjust for confounding
effects on WM microstructure and cytostructure.'’"”
In additional sensitivity analysis, we adjusted for WMH
volumes, antihypertensive medication intake and the
educational level (which may theoretically affect cogni-
tive function performance). Finally, to further reduce the
likelihood of age acting as a confounder, we performed
analyses separately for three age strata delimited by the
33rd and 67th percentile.

Diffusion metrics

We used neuroimaging metrics provided by the UK
Biobank as reported previously.” DTI metrics were calcu-
lated using DTIFIT, an FSL!" software tool enabling
fitting of voxel-wise diffusion tensor models, and quantifi-
cation of DTI metrics including FA and MD. In addition,
the diffusion MRI data were fed into Neurite Orienta-
tion Dispersion and Density Imaging (NODDI) model-
ling,” using the Accelerated Microstructure Imaging via
Convex Optimisation tool'” to derive the following voxel-
wise NODDI parameters: intracellular volume fraction
(ICVF), isotropic (free) water volume fraction (ISOVF)
and OD index. FA represents the directionality of water
diffusion, MD characterises the overall diffusivity, ICVF
estimates ND, ISOVF represents the free water fraction
and OD reflects the overall coherence of fibres (0 for
perfectly aligned straight fibres and 1 for completely
isotropic fibre directions).” All these metrics were calcu-
lated across 48 WM tracts defined in the ‘ICBM-DTI-81’
Johns Hopkins atlas."*

Cognitive function metrics

We analysed seven cognitive measures developed by the
UK Biobank study which were ascertained at the time of
the imaging visit (https://biobank.ndph.ox.ac.uk/show-
case/label.cgi?id=100026): (1) prospective memory, (2)
pairs matching, (3) fluid intelligence, (4) reaction time,
(5) symbol digit substitution, (6) trail making A and
(7) trail making B. The details of these cognitive tests,
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associated tasks,and scoring units are included in online
supplemental table 1. Notably, despite the brief, non-
standard nature of UK Biobank cognitive tests, a measure
of general cognitive ability based on the UK Biobank
tests has shown strong correlation with one created using
standard reference cognitive tests.'®

Statistical analysis

We present discrete variables as counts (percentages
(%)) and continuous variables as mean (SD) or median
(IQR), as appropriate. We used multiple linear regression
to model the association between SBP levels and each
DTI metric across the 48 WM tracts; where, DTI metric
was defined as dependent variable, and independent vari-
ables included the SBP and covariates listed above. We
also modelled the association between SBP and the seven
cognitive metrics using univariate linear regressions,
followed by mediation analysis to determine WM diffu-
sion metrics which significantly mediate the association
between SBP and cognitive measure, using the ‘media-
tion’ R package with non-parametric bootstrap CIs (1000
simulations) separately for each DTI metric. The variance
inflation factor (VIF) was calculated to assess multicollin-
earity, assuming the presence of collinearity when VIF >5.
For our primary analysis, we used Bonferroni-corrected p
values to declare statistical significance (where p<0.05/

(48 tracts*5> DTI metrics) ascertained significance).
For secondary analyses looking at mediation, we first
selected cognitive metrics that were significantly associ-
ated with SBP (p<0.05/7 metrics), and then used 0.05/5
DTI metrics as the p value threshold to declare statistical
significance. All analyses were performed using R V.4.0."

RESULTS

Patients’ demographics

Of the 502 480 participants enrolled in the UK Biobank,
40 653 had complete neuroimaging data available. From
those, we excluded 9007 with missing data on BP or any
of the adjustment covariates, 276 with stroke and 7 with
dementia, resulting in the analytical sample size of 31
363 participants. The mean age was 63.8 (SD 7.7) years,
and 16 523 (53%) were female. Baseline characteristics
are summarised in table 1. Online supplemental table 2
compares the demographics of 31 363 participants who
were included vs 9290 excluded from our analysis and
shows that those who were included were slightly younger
and more likely to be of European ancestry.

SBP and WM microstructure integrity
In our analysis, higher SBP was associated with indica-
tors of WM disintegrity across several regions and DTI

Table 1 Baseline characteristics of the studied population

Overall Normal SBP Elevated SBP P value

n 31 363 15913 15 450
Age (years), mean (SD) 63.81 (7.66) 61.88 (7.60) 65.79 (7.21) <0.001
Male sex, n (%) 14 840 (47.3) 6320 (39.7) 8520 (55.1) <0.001
Ethnic background, n (%) 0.07

Asian 381 (1.2) 201 (1.3) 180 (1.2)

Black 156 (0.5) 69 (0.4) 87 (0.6)

Mixed 128 (0.4) 77 (0.5) 51 (0.3)

Other 159 (0.5) 86 (0.5) 73 (0.5)

White 30 459 (97.4) 15435 (97.3) 15 021 (97.5)
European ancestry, n (%) 27 444 (87.5) 13 758 (86.5) 13 684 (88.6) <0.001
Smoking status, n (%) <0.001

Never 19 155 (61.1) 10 039 (63.1) 9116 (59.0)

Previous 10 288 (32.8) 4812 (30.2) 5476 (35.4)

Current 1920 (6.1) 1062 (6.7) 858 (5.6)
BMI (kg/m?), mean (SD) 26.52 (4.17) 25.73 (3.93) 27.34 (4.25) <0.001
SBP (mmHg), mean (SD) 138.7 (18.6) 125.1 (10.1) 152.6 (14.6) <0.001
DBP (mmHg), mean (SD) 81.4 (9.9) 76.5 (7.3) 86.5 (9.5) <0.001
LDL-C (mmol/L), mean (SD) 3.59 (0.83) 3.51 (0.81) 3.66 (0.84) <0.001
Haemoglobin A1c (%), mean (SD) 5.35 (0.46) 5.31 (0.43) 5.39 (0.48) <0.001
Atrial fibrillation, n (%) 895 (2.9) 392 (2.5) 503 (3.3) <0.001
Diabetes mellitus, n (%) 1155 (3.7) 448 (2.8) 707 (4.6) <0.001

Elevated SBP was defined as >140 mm Hg.

BMI, body mass index; DBP, diastolic blood pressure; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.
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Figure 1 Statistical significance from association analyses results between systolic blood pressure and diffusion metrics
across white matter (WM) tracts. (A) Fractional anisotropy, (B) Mean diffusivity, (C) Orientation Dispersion Index, (D) Isotropic
(free) water volume fraction, and (E) Intracellular volume fraction—a measure of neurite density. The colour bars represent —log
10 p values from multivariable regression models. Only WM tracts reaching significance after Bonferroni correction are coloured.

metrics—namely, lower FA and ICVF, higher MD and
ISOVF, and higher or lower OD depending on the region
(figures 1 and 2). Notably, the topographic extents
of changes in FA, MD, ICVF and ISOVF in relation to
SBP were more pervasive compared with OD (figures 1
and 2). Ten mm Hg increase in SBP was associated
with decreases in FA ranging from 0.5% to 1.5%, and
increases in MD ranging from 0.5% to 2.2% (figures 2
and 3). Among different WM tracts, the anterior limb of
the internal capsule, the external capsule, the superior
and posterior corona radiata consistently demonstrated
significant changes in most DTI metrics in relation to
higher SPB (figures 1-3). We found similar patterns after
adjusting for the WMH volumes, antihypertensive medi-
cation intake and educational level (online supplemental
figures 1-6). In addition, similar results were achieved
when analysis was performed in three separate age strata
delimited by the 33rd and 67th percentile (online supple-
mental figures 7-12). There was no indication of colline-
arity between covariates in any of the models (all VIF <5).

WM diffusion metrics mediate the relationship of SBP and
cognitive function

Among the seven different metrics of cognitive function,
“fluid intelligence’ was the only variable showing signif-
icant association with SBP after applying Bonferroni
correction (table 2). To determine whether the effect of
SBP on fluid intelligence was mediated by changes in WM
integrity, we conducted mediation analysis. We found that
the SBP effect on fluid intelligence was indeed mediated
by changes in several DTI metrics across multiple WM
tracts (figures 4 and 5). Specifically, microstructural disin-
tegrity in the external capsule and the anterior limb of
the internal capsule, along with the superior cerebellar
peduncle and the stria terminalis, mediated the effects
of SBP on fluid intelligence (figures 4 and 5). Of note,
the average FA of external capsule, anterior limb of the
internal capsule, and superior cerebellar peduncle medi-
ated 13%, 9% and 13% of the effect of SBP on fluid intel-
ligence, respectively. And, the average MD of external
capsule, anterior limb of the internal capsule, posterior
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Figure 2 (A) Statistical significance from association analyses results between systolic blood pressure (SBP) and diffusion
metrics across white matter tracts. The colour bars represent p values from multivariable regression models. Only p values
reaching significance after Bonferroni correction are coloured. (B) Average percentage change in DTl metrics for each 10 mm Hg
increase in SBP across white matter tracts. The colour bars represent the percentage change. Only values reaching significance
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limb of the internal capsule, and superior corona radiata
mediated 5%, 7%, 7% and 6% of the effects of SBP
on fluid intelligence, respectively. Results remained
unchanged after adjusting for educational level (online
supplemental figure 13).

DISCUSSION

In a large cross-sectional study, we analysed the associa-
tion between the SBP, brain WM microstructural integrity
and BP-related cognitive changes among asymptomatic
middle-aged adults without a history of cerebrovascular
disease or dementia. We found that higher SBP levels
are associated with pervasive microstructural disinteg-
rity in WM tracts. This was likely related to decrease in
nerve fibre count (lower ICVF—a measure of ND) and
associated increase in free water fraction (ISOVF) in
these WM tracts. Specifically, there were significant SBP-
related abnormalities in most diffusion metrics of the
internal capsule anterior limb, external capsule, anterior
and superior corona radiata. Of note, these associations

were established after correcting for age, sex, smoking
status, BMI, serum LDL-C, HbAlc and history of diabetes
mellitus; with similar results across different age strata,
and after correcting for WMH volumes, antihypertensive
medication use and educational levels. We also found
that higher SBP is associated with worse fluid intelligence
performance among different metrics of cognitive func-
tion available in the UK Biobank. In mediation analysis,
the SBP-related impairment of fluid intelligence was
mediated by microstructural disintegrity and reduced
ND across multiple WM tracts—in particular, the internal
capsule anterior limb and external capsule. Diffusion
metrics of these WM tracts may serve as neuroimaging
markers of hypertension-related cerebral microstructural
damage and associated cognitive decline.

Previous studies explored the relationship of BP-levels
with increased WMH volume,"™ ' and changes in WM
microstructure.”” ' Subtle changes reflecting demyelin-
ation or axonal degeneration may present in the absence
of macroscopic damage and serve as early warning signs
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Figure 3 Average percentage change in DTl metrics for each 10 mm Hg increase in systolic blood pressure (SBP) across white
matter (WM) tracts: (A) Fractional anisotropy (FA), (B) mean diffusivity, (C) Orientation Dispersion (OD) Index, (D) Isotropic (free)

water volume fraction (ISOVF) and (E) Intracellular volume fraction (ICVF)—
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positive association and blue colour represents negative association. Only WM tracts reaching significance after Bonferroni

correction are coloured.

of latent vascular pathology.® DTI can detect micro-
structural abnormalities and axonal fibre damage
preceding the formation of WMH lesions.* In this study,
we evaluated a large cohort of asymptomatic adults who
underwent multishell diffusion imaging to identify the
topologic pattern of WM injury, and pinpoint the under-
lying cytostructural mechanism.” While BP-related WM

Table 2 Association results between systolic blood
pressure and measures of cognitive function available in UK
Biobank

Cognitive outcome Beta SE P value
Prospective memory -0.01 0.009 0.28
Pairs matching —-0.001 0.002 0.73
Fluid intelligence -0.05 0.007 <0.001

-0.08 0.34 0.81
-0.038 0.02 0.04
0.002 0.003 0.43
0.008 0.005 0.08

Reaction time
Symbol digit substitution
Trail making A
Trail making B

Bonferroni corrected p value significance threshold: 0.0071.
Statistically significant differences are marked with bold text.

microstructural injury was pervasive, we found stronger
associations in key areas such as the anterior limb of the
internal capsule, the external capsule and the anterior
and superior corona radiata, with the highest percentage
of diffusion metrics change per 10 mm Hg SBP increase
(figure 3). In addition, the BP-related WM microstruc-
tural disintegrity marked by increased water molecule
diffusivity (lower FA and higher MD) is likely related to
a reduced number of neuronal elements in WM tracts
as suggested by lower ICVF and higher ISOVF. The WM
tract OD changes in relation to SBP were variable across
different regions. This is because neuronal loss sparing
parallel fibre tracts will reduce both OD and ND (ie, ICVF);
whereas, neuronal loss with selective loss of parallel fibre
or unidirectional organisation of fibre elements will lead
to higher OD butlower ND. Thus, our results suggest that
the underlying mechanism of WM tract microstructural
disintegrity related to higher SBP is neuronal loss rather
than worsening neural fibre organisation (ie, OD).
Subcohort analysis of 560 participants (=50 years of
age) from the 1000BRAINS study demonstrated the asso-
ciation of high SBP and diastolic BP with WMH volume,
with SBP showing a stronger association than diastolic
BP." They also found that periventricular WMH—more
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Figure 4 Statistical significance from mediation analyses results depicting DTI metrics which significantly mediated the effects
of systolic blood pressure on fluid intelligence across white matter (WM) tracts. (A) Fractional anisotropy, (B) mean diffusivity,
(C) Orientation Dispersion Index, (D) Isotropic (free) water volume fraction and (E) Intra-ellular volume fraction—a measure of
neurite density. The colour bars represent —log 10 p values from mediation analyses. Only WM tracts reaching significance after

Bonferroni correction are coloured. DTI, diffusion tensor imaging.

so than deep WMH lesions—mediated the association
between SBP and cognitive performance.'® We found a
similar association of WM microstructural disintegrity
with higher SBP, which also mediated the effect of SBP on
fluid intelligence—even after correcting for total WMH
volume (online supplemental figures 1-3). Our study
supports the notion that visually inconspicuous but quan-
titative diffusion changes in WM tracts may better reveal
which individuals are at higher risk of hypertension-
related cognitive impairment.” Although these associa-
tions were numerically small—for example, 10 mm Hg
increase in SBP was associated with FA decreases ranging
from 0.5% to 2.2% and mediation effects ranging from
5% to 13%—they can guide optimal sample size calcula-
tion in future trials where WM diffusion metrics serve as
potential imaging markers and quantifiable endpoints for
BP lowering interventions.” **

Although hypertension-related cognitive impairment
has been reported previously,” a causal association is
still difficult to establish and results from randomised
clinical trials have been equivocal.”” A meta-analysis of
randomised clinical trials published in 2020 found that
lowering BP with antihypertensive agents compared
with control is associated with a lower incidence of

dementia or cognitive impairment.”® However, another
meta-analysis found no difference between intensive (ie,
lower than usual) BP reduction versus standard manage-
ment in decreasmg the incidence of dementia and
cognitive decline.” Secondary analysis of a clinical trial
also suggested that BP lowering may be associated with
specific subtypes of cognitive decline, such as amnestic
and multidomain mild cognitive impairment.®® Simi-
larly, in our study, among different measures of cognitive
function, SBP levels were negatively associated with fluid
intelligence scores. Fluid intelligence represents verbal-
numeric reasoning and is pivotal in adapting to new
circumstances without prior knowledge.” Importantly,
our study suggests that SBP levels could exert their effect
on cognitive function by damaging WM microstructure,
providing support for a causal mechanism behind this
relationship. Of note, loss of neuronal elements (lower
ICVF or ND) appears to be the underlying neurobio-
logical mechanism mediating the BP-related cognitive
impairment. Particularly, the diffusion metrics of external
capsule and anterior limb of the internal capsule WM
tracts had the highest percentage mediation of BP-related
cognitive impairment and may provide potential thera-
peutic targets for future antihypertensive treatment trials.
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Our findings specifically identified those WM tracts,
where microstructural integrity had the highest media-
tion effects in the relationship between higher SBP and
worse fluid intelligence—namely, the external capsule
and anterior limb of the internal capsule. Previous DTI
studies have also shown that higher fluid intelligence
scores are associated with WM microstructural integrity
in specific brain regions.” Specifically, FA values in the
superior longitudinal fasciculus—an association tract
connecting frontal, parietal, temporal and occipital
lobes—have been linked with fluid intelligence.” In multi-
modal MRI of 547 middle-aged adult participants in the
stage 2 Cambridge Centre for Ageing and Neuroscience
study, the FA of the anterior corona radiata and external
capsule contributed to both visual working memory and
fluid intelligence.”® The DTI metrics of microstructural
integrity in these select WM tracts can serve as potential
therapeutic targets in antihypertension trials, and may

reflect treatment response before manifestation of long-
term functional outcome benefits.

Many studies highlighted WM microstructural disin-
tegrity as a fundamental aspect of normal age-associated
cognitive decline and dementia.’ Indeed, the associations
between WM microstructure and executive functions
or processing speed are also found in regions outside
of WM signal abnormality—that is, normal appearing
WM.?' # In addition, there is accumulating evidence that
even mildly elevated BP within the normotensive range
may affect cognitive functioning.””*' By analysing the BP
range instead of binary or multilevel categorisation of
hypertension, we could capture the effects of BP across
the whole spectrum on WM microstructure and cognitive
function. Our findings in asymptomatic adults, and prior
reports portend a role for neuroimaging markers of WM
microstructure and cytostructure integrity to assess treat-
ment response in antihypertensive trials as a surrogate
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for late-onset cognitive decline. Of note, a previous
power calculation study in patients with cerebral small
vessel disease indicated that difference detection for
DTI parameters requires much smaller sample sizes than
lacunar infarcts, due to the low frequency of new lacunar
stroke.” Our study pinpoints WM tracts where diffu-
sion metrics may serve as therapeutic targets and tools
of assessing treatment response in future clinical trials
aiming to prevent/delay BP-associated cognitive decline.

Thus far, BP lowering trials showed no or only trivial
reduction in progression of WMH volumes or DTI
measures of microstructural disintegrity in response to
treatment. In the INFINITY trial of hypertensive individ-
uals >75 years old without a history of stroke, intensive
BP lowering was associated with lower increase in WMH
volumes (0.29%) compared with standard treatment
(0.48%) over a 3-year period.”’ In a subset analysis of
449 hypertensive adults >50 years old without a history
of diabetes or stroke from the SPRINT trial, intensive
BP lowering was also associated with lower increase in
WMH volume (0.54 cm® between-group difference) over
a median intervention period of 8.40 years.” The PROG-
RESS trial showed patients with a history of stroke who
received BP lowering treatment had lower new WMH
lesion volume (0.4 mm3) compared with a placebo group
(2.0 mm®) over a 3-year period.” Finally, while intensive
BP lowering over 2 years was not associated with signifi-
cant differences in DTI markers in the initial analysis of
the PRESERVE trial,* additional post-hoc brain network
analysis detected treatment effects with network integ-
rity improvements among those who received intensive
BP lowering.” The clinical relevance of such small effect
sizes remains equivocal. However, if validated in prospec-
tive trials, our results may help pinpoint which WM tracts
exhibit more striking DTI changes in response to BP
reduction, and are most relevant to long-term cognitive
outcome.

Our study has a number of strengths, including the use
of open access data from a large study, and the consis-
tency of results across several DTT metrics. Importantly,
postprocessing of brain MRI scans and extraction of
diffusion metrics can be done automatically with existing
pipelines, making average diffusion metrics reliably repro-
ducible across different centres* and a good candidate
as a neuroimaging marker of hypertension-related brain
damage. Our work also has limitations, including the
cross-sectional nature of the analysis, overall low ethnic
diversity of the UK Biobank cohort, and selection bias
as the community-dwelling volunteer participants in UK
Biobank who consented to the imaging study might not
be representative of the population. There is also growing
evidence of associations between markers of WM injury
and genes related to hypertension in young individuals
even before they develop hypertension, suggesting a
more fundamental premorbid relationship between WM
microstructural pathologies and genetic risk of hyperten-
sion.” *® Similar to prior studies,”” we also only focused
on SBP in our analysis, since SBP measurements are

highly correlated with diastolic and mean arterial pres-
sure. Indeed, both higher SBP and diastolic BP are asso-
ciated with mild cognitive dysfunction.38 However, some
studies could only detect association of SBP—and not the
diastolic BP—with imaging metrics of brain age, WMH
lesion volumes, and WM microstructural integrity.” ** Of
note, our mediation analysis only explored whether WM
diffusion metrics—at least partially—mediated the associ-
ation of SBP with fluid intelligence scores, as examination
of all potential factors contributing to cognitive function
would be beyond the scope of this study. Although sensi-
tivity analysis showed similar results after adjustment for
antihypertensive medication, our cross-sectional anal-
ysis cannot differentiate potential differences between
untreated hypertension, undertreated hypertension or
normal BP under treatment.

In summary, we found that among asymptomatic
middle-aged adults, higher SBP is associated with
pervasive WM microstructural disintegrity likely due to
neuronal loss. We also showed that WM disintegrity may
mediate the BP-related cognitive decline in this popula-
tion. Furthermore, we pinpointed the specific WM tracts
where diffusion metrics had the strongest association
with SBP increase and had the highest percentage medi-
ation of BP-related cognitive impairment. Overall, our
findings characterise the topologic pattern of BP-related
parenchymal damage and associated cognitive impair-
ment, infer the underlying cytostructural mechanism and
provide potential biomarkers to assess treatment response
in future BP reduction trials.

Twitter Seyedmehdi Payabvash @SamPayabvash

Contributors Conception and design of the study: JNA, SPH, GJF and SP.
Acquisition and analysis of the data: JNA, SPH, CR, ACL, KNS, GJF and SP. Drafting
of the manuscript and preparation of tables: JNA, SPH, CR, ACL, KNS, GJF and SP.
SP accepts full responsibility for the work and the conduct of the study, had access
to the data, and controlled the decision to publish.

Funding JNA is supported by the American Heart Association Bugher Research
Fellowship. KNS is supported by the National Institutes of Health (RO3NS112859,
ROTNS110721, RO1NS075209, U01NS113445, U01INS106513, ROTNR01833,
U24NS107215 and U24NS107136) and the American Heart Association
(17CSA33550004, 817874), and reports grants from Hyperfine, Biogen and
Astrocyte unrelated to this work. GJF is supported by the National Institutes

of Health (K76AG059992, RO3NS112859), the American Heart Association
(18IDDG34280056, 817874), the Yale Pepper Scholar Award (P30AG021342) and
the Neurocritical Care Society Research Fellowship. SP received grant support
from the Doris Duke Charitable Foundation (2020097), American Society of
Neuroradiology and National Institutes of Health (K23NS118056).

Disclaimer The funding organisations had no role in the design and conduct of the
study; collection, management, analysis and interpretation of the data; preparation,
review or approval of the manuscript; and decision to submit the manuscript for
publication.

Competing interests None declared.
Patient consent for publication Not applicable.

Ethics approval The UK Biobank received approval from the National Information
Governance Board for Health and Social Care (NIGB), the Community Health Index Advisory
Group (CHIAG), and the National Health Service North West Multi-centre Research Ethics
Committee (MREC), and all participants provided informed consent through electronic
signature at their baseline assessment (see also: https://www.ukbiobank.ac.uk/
learn-more-about-uk-biobank/about-us/ethics). We performed post-hoc analyses of
deidentified patient data which was accessed using project application number 58743.
Participants gave informed consent to participate in the study before taking part.

366 Acosta JN, et al. Stroke & Vascular Neurology 2023;8:¢001929. doi:10.1136/svn-2022-001929

yBuAdoo Ag paroaloid 1sanb Aq £Z0z ‘0T [udy Uo /wod g uAs//:dny Wwolj papeojumod "£20Z YoIeN 9 UO 626 T00-2202-UAS/9STT 0T Se paysignd 1si1 :[0INaN ISeA a)oNS


https://twitter.com/SamPayabvash
https://www.ukbiobank.ac.uk/learn-more-about-uk-biobank/about-us/ethics
https://www.ukbiobank.ac.uk/learn-more-about-uk-biobank/about-us/ethics
http://svn.bmj.com/

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in a public, open access repository.
The clinical and imaging data analysed in our study is available to researcher

via the UK Biobank on completion of the registration process (see https://www.
ukbiobank.ac.uk/enable-your-research/register) and on successful application (see
https://www.ukbiobank.ac.uk/enable-your-research/apply-for-access).

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Stefan P Haider http://orcid.org/0000-0002-7640-3645
Seyedmehdi Payabvash http://orcid.org/0000-0003-4628-0370

REFERENCES

1 Prins ND, Scheltens P. White matter hyperintensities, cognitive
impairment and dementia: an update. Nat Rev Neurol
2015;11:157-65.

2 Ou Y-N, Tan C-C, Shen X-N, et al. Blood pressure and risks of
cognitive impairment and dementia: a systematic review and meta-
analysis of 209 prospective studies. Hypertension 2020;76:217-25.

3 Horsfield MA, Jones DK. Applications of diffusion-weighted and
diffusion tensor MRI to white matter diseases-a review. NMR Biomed
2002;15:570-7.

4 de Groot M, Verhaaren BFJ, de Boer R, et al. Changes in normal-
appearing white matter precede development of white matter
lesions. Stroke 2013;44:1037-42.

5 Kamiya K, Hori M, Aoki S. NODDI in clinical research. J Neurosci
Methods 2020;346:108908.

6 Vernooij MW, lkram MA, Vrooman HA, et al. White matter
microstructural integrity and cognitive function in a general elderly
population. Arch Gen Psychiatry 2009;66:545-53.

7 Zhang H, Schneider T, Wheeler-Kingshott CA, et al. NODDI: practical
in vivo neurite orientation dispersion and density imaging of the
human brain. Neuroimage 2012;61:1000-16.

8 Bycroft C, Freeman C, Petkova D, et al. The UK Biobank resource
with deep phenotyping and genomic data. Nature 2018;562:203-9.

9 Miller KL, Alfaro-Almagro F, Bangerter NK, et al. Multimodal
population brain imaging in the UK Biobank prospective
epidemiological study. Nat Neurosci 2016;19:1523-36.

10 Inano S, Takao H, Hayashi N, et al. Effects of age and gender on
white matter integrity. AUNR Am J Neuroradiol 2011;32:2103-9.

11 Gons RAR, van Norden AGW, de Laat KF, et al. Cigarette smoking is
associated with reduced microstructural integrity of cerebral white
matter. Brain 2011;134(Pt 7):2116-24.

12 Repple J, Opel N, Meinert S, et al. Elevated body-mass index
is associated with reduced white matter integrity in two large
independent cohorts. Psychoneuroendocrinology 2018;91:179-85.

13 Zhang J, Wang Y, Wang J, et al. White matter integrity disruptions
associated with cognitive impairments in type 2 diabetic patients.
Diabetes 2014;63:3596-605.

14 Jenkinson M, Beckmann CF, Behrens TEJ, et al. Fsl. Neuroimage
2012;62:782-90.

15 Daducci A, Canales-Rodriguez EJ, Zhang H, et al. Accelerated
microstructure imaging via convex optimization (AMICO) from
diffusion MRI data. Neuroimage 2015;105:32-44.

16 Fawns-Ritchie C, Deary IJ. Reliability and validity of the UK Biobank
cognitive tests. PLoS One 2020;15:e0231627.

17

18

20

21

22

23

24

25

26

27

28

29

31

32

33

34

35

36

37

38

39

40

R: A language and environment for statistical computing. program.
Vienna, Austria R Foundation for Statistical Computing; 2019.
Gronewold J, Jokisch M, Schramm S, et al. Periventricular

rather than deep white matter hyperintensities mediate effects of
hypertension on cognitive performance in the population-based
1000BRAINS study. J Hypertens 2022;40:2413-22.

Gronewold J, Jokisch M, Schramm S, et al. Association of blood
pressure, its treatment, and treatment efficacy with volume of white
matter hyperintensities in the population-based 1000BRAINS study.
Hypertension 2021;78:1490-501.

Hoagey DA, Lazarus LTT, Rodrigue KM, et al. The effect of

vascular health factors on white matter microstructure mediates
age-related differences in executive function performance. Cortex
2021;141:403-20.

Jacobs HIL, Leritz EC, Williams VJ, et al. Association between white
matter microstructure, executive functions, and processing speed
in older adults: the impact of vascular health. Hum Brain Mapp
2013;34:77-95.

Moscufo N, Wakefield DB, Meier DS, et al. Longitudinal
microstructural changes of cerebral white matter and their
association with mobility performance in older persons. PLoS One
2018;13:e0194051.

Zeestraten EA, Benjamin P, Lambert C, et al. Application of diffusion
tensor imaging parameters to detect change in longitudinal studies in
cerebral small vessel disease. PLoS One 2016;11:e0147836.

Egle M, Hilal S, Tuladhar AM, et al. Determining the optimal DTI
analysis method for application in cerebral small vessel disease.
Neuroimage Clin 2022;35:103114.

Williamson JD, Pajewski NM, Auchus AP, et al. Effect of intensive
vs standard blood pressure control on probable dementia: A
randomized clinical trial. JAMA 2019;321:553-61.

Hughes D, Judge C, Murphy R, et al. Association of blood pressure
lowering with incident dementia or cognitive impairment: a
systematic review and meta-analysis. JAMA 2020;323:1934-44.
Dallaire-Théroux C, Quesnel-Olivo M-H, Brochu K, et al. Evaluation
of intensive vs standard blood pressure reduction and association
with cognitive decline and dementia: a systematic review and meta-
analysis. JAMA Netw Open 2021;4:e2134553.

Gaussoin SA, Pajewski NM, Chelune G, et al. Effect of intensive
blood pressure control on subtypes of mild cognitive impairment
and risk of progression from sprint study. J Am Geriatr Soc
2022;70:1384-93.

Deary IJ. Intelligence. Annu Rev Psychol 2012;63:453-82.

Bruzzone SEP, Lumaca M, Brattico E, et al. Dissociated brain
functional connectivity of fast versus slow frequencies underlying
individual differences in fluid intelligence: a DTl and MEG study. Sci
Rep 2022;12:4746.

Gongora D, Vega-Hernandez M, Jahanshahi M, et al. Crystallized
and fluid intelligence are predicted by microstructure of specific
white-matter tracts. Hum Brain Mapp 2020;41:906-16.

Xiao Y, Lin Y, Ma J, et al. Predicting visual working memory with
multimodal magnetic resonance imaging. Hum Brain Mapp
2021;42:1446-62.

Benjamin P, Zeestraten E, Lambert C, et al. Progression of MRI
markers in cerebral small vessel disease: sample size considerations
for clinical trials. J Cereb Blood Flow Metab 2016;36:228-40.

Prohl AK, Scherrer B, Tomas-Fernandez X, et al. Reproducibility of
structural and diffusion tensor imaging in the TACERN multi-center
study. Front Integr Neurosci 2019;13:24.

Jian X, Fornage M. Imaging endophenotypes of stroke as a target for
genetic studies. Stroke 2018;49:1557-62.

Sargurupremraj M, Suzuki H, Jian X, et al. Cerebral small vessel
disease genomics and its implications across the lifespan. Nat
Commun 2020;11:6285.

Maillard P, Seshadri S, Beiser A, et al. Effects of systolic blood
pressure on white-matter integrity in young adults in the framingham
heart study: a cross-sectional study. Lancet Neurol 2012;11:1039-47.
Goldstein FC, Levey Al, Steenland NK. High blood pressure and
cognitive decline in mild cognitive impairment. J Am Geriatr Soc
2013;61:67-73.

Beck D, de Lange A-MG, Pedersen ML, et al. Cardiometabolic risk
factors associated with brain age and accelerate brain ageing. Hum
Brain Mapp 2022;43:700-20.

Kochunov P, Glahn DC, Lancaster J, et al. Blood pressure and
cerebral white matter share common genetic factors in Mexican
Americans. Hypertension 2011;57:330-5.

Acosta JN, et al. Stroke & Vascular Neurology 2023;8:€001929. doi:10.1136/svn-2022-001929

367

yBuAdoo Ag paroaloid 1sanb Aq £Z0z ‘0T [udy Uo /wod g uAs//:dny Wwolj papeojumod "£20Z YoIeN 9 UO 626 T00-2202-UAS/9STT 0T Se paysignd 1si1 :[0INaN ISeA a)oNS


https://www.ukbiobank.ac.uk/enable-your-research/register
https://www.ukbiobank.ac.uk/enable-your-research/register
https://www.ukbiobank.ac.uk/enable-your-research/apply-for-access
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-7640-3645
http://orcid.org/0000-0003-4628-0370
http://dx.doi.org/10.1038/nrneurol.2015.10
http://dx.doi.org/10.1161/HYPERTENSIONAHA.120.14993
http://dx.doi.org/10.1002/nbm.787
http://dx.doi.org/10.1161/STROKEAHA.112.680223
http://dx.doi.org/10.1016/j.jneumeth.2020.108908
http://dx.doi.org/10.1016/j.jneumeth.2020.108908
http://dx.doi.org/10.1001/archgenpsychiatry.2009.5
http://dx.doi.org/10.1016/j.neuroimage.2012.03.072
http://dx.doi.org/10.1038/s41586-018-0579-z
http://dx.doi.org/10.1038/nn.4393
http://dx.doi.org/10.3174/ajnr.A2785
http://dx.doi.org/10.1093/brain/awr145
http://dx.doi.org/10.1016/j.psyneuen.2018.03.007
http://dx.doi.org/10.2337/db14-0342
http://dx.doi.org/10.1016/j.neuroimage.2011.09.015
http://dx.doi.org/10.1016/j.neuroimage.2014.10.026
http://dx.doi.org/10.1371/journal.pone.0231627
http://dx.doi.org/10.1097/HJH.0000000000003270
http://dx.doi.org/10.1161/HYPERTENSIONAHA.121.18135
http://dx.doi.org/10.1016/j.cortex.2021.04.016
http://dx.doi.org/10.1002/hbm.21412
http://dx.doi.org/10.1371/journal.pone.0194051
http://dx.doi.org/10.1371/journal.pone.0147836
http://dx.doi.org/10.1016/j.nicl.2022.103114
http://dx.doi.org/10.1001/jama.2018.21442
http://dx.doi.org/10.1001/jama.2020.4249
http://dx.doi.org/10.1001/jamanetworkopen.2021.34553
http://dx.doi.org/10.1111/jgs.17583
http://dx.doi.org/10.1146/annurev-psych-120710-100353
http://dx.doi.org/10.1038/s41598-022-08521-5
http://dx.doi.org/10.1038/s41598-022-08521-5
http://dx.doi.org/10.1002/hbm.24848
http://dx.doi.org/10.1002/hbm.25305
http://dx.doi.org/10.1038/jcbfm.2015.113
http://dx.doi.org/10.3389/fnint.2019.00024
http://dx.doi.org/10.1161/STROKEAHA.117.017073
http://dx.doi.org/10.1038/s41467-020-19111-2
http://dx.doi.org/10.1038/s41467-020-19111-2
http://dx.doi.org/10.1016/S1474-4422(12)70241-7
http://dx.doi.org/10.1111/jgs.12067
http://dx.doi.org/10.1002/hbm.25680
http://dx.doi.org/10.1002/hbm.25680
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.162206
http://svn.bmj.com/

	Blood pressure-­related white matter microstructural disintegrity and associated cognitive function impairment in asymptomatic adults
	Abstract
	Introduction﻿﻿
	Methods
	Study design
	Neuroimaging protocol
	BP measurements
	Covariates potentially affecting WM microstructure
	Diffusion metrics
	Cognitive function metrics
	Statistical analysis

	Results
	Patients’ demographics
	SBP and WM microstructure integrity
	WM diffusion metrics mediate the relationship of SBP and cognitive function

	Discussion
	References


