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Abstract

Objectives

To characterize effects of chronically elevated blood pressure on the brain, we tested for
brain white matter microstructural differences associated with normotension, pre-hyperten-
sion and hypertension in recently available brain magnetic resonance imaging data from
4659 participants without known neurological or psychiatric disease (62.317.4 yrs, 47.0%
male) in UK Biobank.

Methods

For assessment of white matter microstructure, we used measures derived from neurite ori-
entation dispersion and density imaging (NODDI) including the intracellular volume fraction
(an estimate of neurite density) and isotropic volume fraction (an index of the relative extra-
cellular water diffusion). To estimate differences associated specifically with blood pressure,
we applied propensity score matching based on age, sex, educational level, body mass
index, and history of smoking, diabetes mellitus and cardiovascular disease to perform sep-
arate contrasts of non-hypertensive (normotensive or pre-hypertensive, N = 2332) and
hypertensive (N = 2337) individuals and of normotensive (N = 741) and pre-hypertensive

(N = 1581) individuals (p<0.05 after Bonferroni correction).

Results

The brain white matter intracellular volume fraction was significantly lower, and isotropic vol-
ume fraction was higher in hypertensive relative to non-hypertensive individuals (N = 1559,
each). The white matter isotropic volume fraction also was higher in pre-hypertensive than
in normotensive individuals (N = 694, each) in the right superior longitudinal fasciculus and
the right superior thalamic radiation, where the lower intracellular volume fraction was
observed in the hypertensives relative to the non-hypertensive group.
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Significance

Pathological processes associated with chronically elevated blood pressure are associated
with imaging differences suggesting chronic alterations of white matter axonal structure that
may affect cognitive functions even with pre-hypertension.

Introduction

Hypertension affects as many as 1 billion people in the world [1] and damages multiple organ
systems -including the brain- as a consequence of pathological changes affecting large and small
vessels [2]. Hypertension and its secondary pathologies of stroke and small vessel disease are
major risk factors for dementia [3]. Asymptomatic brain pathological changes found in people
with chronic hypertension, such as lacunar infarction, white matter hyperintensities, and
microbleeds, are associated independently with both early cognitive impairments and dementia
[4-6]. The reduction in brain volume [7-9] and changes in white matter microstructure [10-
16] that accompany these pathologies provide indirect evidence for neurodegeneration and oli-
godendroglial injury [17-19]. This neuronal and glial damage may be mediated by multiple
mechanisms, including chronic or recurrent hypoxia-ischemia and inflammation [20-23].

Diftusion tensor imaging (DTT) has been used previously to evaluate hypertension-associated
differences in white matter microstructure in efforts to assess the pathology in its earliest stages
[10-16]. However, DTI-derived metrics including fractional anisotropy (FA), mean diffusivety
(MD), and diffusion tensor mode (MO) lack specificity for individual tissue microstructure fea-
tures [24]. A related, but improved, quantitative method, known as “neurite orientation dispersion
and density imaging” (NODDI), uses a three-compartment tissue (including intracellular, extra-
cellular and cerebrospinal fluid) model to increase sensitivity to differences in brain microstructure
[25]. Parameters that can be derived from NODDI include the intracellular volume fraction
(ICVF, an estimate of neurite density), orientation dispersion (OD, which expresses the extent of
directional complexity of diffusion), and isotropic volume fraction (ISOVF, an index of the relative
extra-cellular water diffusion) [25,26]. We believe that NODDI will allow a more sensitive and spe-
cific evaluation of white matter microstructure differences related to high blood pressure.

Here we describe white matter microstructure variations associated with normotension,
pre-hypertension, unmedicated and medicated hypertension in an early release of data from
4939 UK Biobank (UKB) participants using measures derived from NODDI, as well as tradi-
tional DTT metrics. Pre-hypertension is a condition intermediated between normotension and
hypertension [27]. Patients with pre-hypertension are encouraged to make lifestyle changes in
order to delay or prevent progression to hypertension, but more active interventions have not
been recommended to date [27]. However, the thresholds for effects of chronically elevated
blood pressure on the brain have not been well defined.

We investigated first whether there were differences in white matter microstructure
between non-hypertensive (normotensive and pre-hypertensive together) and hypertensive
participants. Secondarily, we also tested whether the brain structural measures were also differ-
ent between normotensive and pre-hypertensive participants and between unmedicated and
medicated hypertensive participants.

Materials and methods
Study participants

UKB recruited about 500,000 community-dwelling participants aged 40-69 years across Great
Britain between 2006 and 2010 [28,29]. Since 2014, a subset of participants underwent brain
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magnetic resonance imaging (MRI). Initially, data of 4939 individuals were available that
included both brain volume and white matter microstructural MRI measures.

UKB received ethical approval from a nationally recognized research ethics committee
(REC reference 11/NW/0382). The present study (the Biobank Brain and Cardiac Mutual Risk
Indexing [BBC MRI] Study) was conducted under terms of UKB access approval 18545. Par-
ticipants provided written informed consent as described on the UKB website [30]. If the par-
ticipant who wished to take part was physically unable to provide a signature, two paper copies
of the consent form were signed by two members of staff: the one witnessing consent and
another, one of whom must be a qualified nurse [30].

Baseline characteristics

Information on age, sex, educational level, body mass index (BMI), antihypertensive medica-
tion use, and history of smoking, diabetes mellitus, and cardiovascular disease were reported
by participants at the time of the UKB imaging assessment.

Age was calculated by subtracting the birthdate of each participants from the imaging
assessment date, which was recorded in the header of each image file. Educational level was
treated as a binary variable indicating whether or not a participant achieved a college or uni-
versity degree [31]. Information on reported cardiovascular disease and neurological or psy-
chiatric disease were obtained separately from the ICD 10 codes in the UKB database.

Blood pressure measurement

Details of the procedure for blood pressure measurement for UKB are available online [32].
Briefly, each participant was asked to sit and then an appropriate sized cuff was positioned
on the upper arm, which was placed the arm on the desk top at the level of their heart. The
right arm was used only if use of the left was not practical. After being asked to breathe

in and out slowly five times in a relaxed fashion, the cuff on the blood pressure monitor
(OMRON Healthcare Europe, NA, Hoofddorp) was inflated for the automated measure.

A second measurement was conducted after at least 1 minute of rest. For this report, we
used only blood pressure measurements acquired at the time of the imaging visit. We did not
use those from the time of either the earlier UK Biobank initial assessment (2006-2010) or
first repeat assessment visit (2012-2013). Systolic (SBP) and diastolic blood pressure (DBP)
values were averaged over first and second measurements. We defined individuals as hy-
pertensive if they had SBP >140 or DBP >90 mmHg or were receiving antihypertensive
medication. Individuals with pre-hypertension were defined as having SBP of 120-139
mmHg or DBP of 80-89 mmHg. Normotensive individuals had SBP <120 or DBP <80
mmHg [27, 33].

Brain MRI acquisition

Details of the image acquisition are available online [34]. Magnetic resonance imaging (MRI)
was performed using a Siemens Skyra 3T running VD13A SP4 (Siemens Healthcare, Erlangen,
Germany) with a Siemens 32-channel RF receive head coil. Diffusion MRI images were ob-
tained using a Stejskal-Tanner pulse sequence with two b-values (b = 1000 and 2000 s/mm?),
and a 2mm spatial resolution (3x multislice acquisition, 100 distinct diffusion-encoding direc-
tions, and a field-of-view of 104x104x72). T1-weighted structural brain images were obtained
using a three-dimensional MPRAGE sequence with a slice thickness of Imm and a field-of-
view of 208x256x256.
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Brain MRI analyses

Details of the image processing for data provided from UKB dataset are available online and in
the methods descriptions of previous reports [26, 31, 35]. The white matter microstructure
(FA, MD, MO, ICVF, ISOVF and OD) in 27 anatomically defined white matter tracts de-
scribed in the UKB dataset [26, 31] and brain volume measures (total brain volume (TBV),
grey matter volume (GMV) and white matter volume (WMV)) were used. We derived partici-
pant summary indices for these white matter microstructure measures by averaging z scores
for the 27 white matter tracts for each subject. Global values for each of the white matter
microstructural measures are expressed as mean z-scores referenced to the mean measurement
values for the total population studies (N = 4659). TBV, GMV and WMV all were normalized
for intracranial volume.

Ilustrative, probabilistically, defined tract trajectories shown in Figs 1-3 was made as
described previously [36]. Briefly, surface meshes were made from probabilitstic descriptions
of 27 white matter tracts in one UK Biobank participant. The tracts meshes were rendered as a
3D fashion onto a transparent brain mask that was derived from the MRI template available in
SPM 12. Tract classifications as association fibres, thalamic radiations, and projection fibres
were made based on assignments from a previous study [31].

Statistical analysis

Continuous variables were analyzed using Student’s t-test and expressed as means + standard
deviations (non-hypertensives vs. hypertensives, normotensives vs. pre-hypertensive, or
unmedicated vs medicated) except for the results of tract-based analyses, where probabilistic
tractographies were colored by adjusted p values. Nominal variables were analyzed using Pear-
son’s chi-square statistic. Significance levels were set at p<0.05 adjusted after Bonferroni cor-
rection for multiple comparisons.

We classified individuals into normotensive (N = 741), pre-hypertensive (N = 1581),
unmedicated (N = 1290) and medicated (N = 1047) hypertensive groups. We first conducted
propensity score matching analysis to better balance groups for relevant variables other than
hypertension. To obtain equal distributions of baseline characteristics between the non-hyper-
tensive (normotensive and pre-hypertensive people, N = 2332) and hypertensive (unmedicated
and medicated people, N = 2337) groups except for their blood pressure and antihypertensive
medication, people in the non-hypertensive group were matched in a 1:1 ratio with the hyper-
tensive group by baseline characteristics including age, sex, educational level, BMI, and history
of smoking, DM and CVD through propensity score matching using the nearest neighbor
method [37]. We then performed another propensity score matching for the baseline charac-
teristics between the normotensive and pre-hypertensive groups and for the baseline charac-
teristics and systolic and diastolic blood pressure between the unmedicated and medicated
hypertensive groups, respectively. After propensity matching, we compared the groups for
each of the brain structural measures. White matter microstructural measures were assessed
globally and in 27 probabilistically defined white matter tracts.

Results
Participant characteristics

Of 4939 individuals who had both brain volume and white matter microstructural MRI mea-
sures, we excluded from this group those individuals lacking full baseline characterizations

(N = 115), or two blood pressure measures (N = 62) and those with brain neurological/psychi-
atric disease (N = 103); 4659 individuals were analyzed in this study.
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Fig 1. lllustrative representation of the contrast between microstructure measures of each 27 white matter tracts in the hypertensive and
non-hypertensive groups. Probabilistic tractographies colored by p values adjusted for Bonferroni correction were shown from top and down.

White-colored tracts indicate adjusted p>0.05. Abbreviations: FA, fractional anisotropy; ICVF, intracellular volume fraction; ISOVF, isotropic volume
fraction; MD, mean diffusivity.

https://doi.org/10.1371/journal.pone.0187600.9001

Before propensity matching, characteristics of people who were normotensive, pre-hyper-
tensive, or unmedicated or medicated hypertensives showed differences in mean age, sex, edu-
cational level, BMI and history of DM and CVD (Table 1).

Comparisons between non-hypertensive and hypertensive groups

To accurately estimate differences in brain structure between the non-hypertensive and hyper-
tensive groups, we applied propensity score matching to control for confounding differences
in baseline characteristics (Table 2). We tested for associations between hypertension and
global white matter microstructure and brain volume measures (Table 3). While none of the
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Fig 2. lllustrative representation of the contrast between microstructure measures of each 27 white matter tracts in the pre-hypertensive
and normotensive groups. Probabilistic tractographies colored by p values adjusted for Bonferroni correction were shown from top and down.
White-colored tracts indicate adjusted p>0.05. Abbreviations: FA, fractional anisotropy; ICVF, intracellular volume fraction; ISOVF, isotropic volume
fraction; MD, mean diffusivity.
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brain volume measures were different between the matched groups, white matter FA (0.041+
0.613 vs. —0.043+0.653, adjusted p = 0.001) and ICVF (0.036+0.788 vs. —0.042+0.836, adjusted
p = 0.046) were significantly lower, and MD (-0.070+0.616 vs. 0.063£0.680, adjusted p<0.001)
and ISOVF (-0.071£0.510 vs. 0.059+0.580, adjusted p<0.001) were higher among the hyper-
tensives than in the non-hypertensive group.

We next tested for hypertensive group differences in microstructure of 27 white matter
tracts (Fig 1). Both higher MD and higher ISOVF were found in the hypertensive group in the
bilateral inferior fronto-occipital fasciculus, the right cingulate gyrus part of cingulum, the
bilateral superior and inferior longitudinal fasciculus, the bilateral three thalamic radiations,
and the forceps minor. The cingulum bundle and the right uncinate fasciculus showed only higher
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Fig 3. lllustrative representation of the contrast between microstructure measures of each 27 white matter tracts in the medicated and
unmedicated groups. Probabilistic tractographies colored by p values adjusted for Bonferroni correction were shown from top and down. White-
colored tracts indicate adjusted p>0.05. Abbreviations: FA, fractional anisotropy; ICVF, intracellular volume fraction; ISOVF, isotropic volume
fraction; MD, mean diffusivity.
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MD or higher ISOVF, respectively (adjusted p<0.05, both). Greater FA in the hypertensive group
was found in the left inferior fronto-occipital fasciculus, the bilateral superior and right inferior
longitudinal fasciculus, the bilateral anterior and posterior thalamic radiation, and the forceps
minor (adjusted p<0.05, all). The bilateral superior longitudinal fasciculus and the left anterior
and bilateral superior thalamic radiations showed greater ICVF (adjusted p<0.05, all).

Comparisons between normotensive and pre-hypertensive groups

We then performed propensity score matching between the normotensive and pre-hyperten-
sive groups to test whether a lower blood pressure threshold distinguished structural brain

PLOS ONE | https://doi.org/10.1371/journal.pone.0187600 November 16, 2017 7/16


https://doi.org/10.1371/journal.pone.0187600.g003
https://doi.org/10.1371/journal.pone.0187600

@° PLOS | ONE

White matter microstructure in pre-hypertension and hypertension

Table 1. Participant characteristics.

N
Baseline characteristics
Age (yrs)
Male (%)
Educational level (%)
Body mass index
Ever smoked (%)
Diabetes mellitus (%)
Cardiovascular disease (%)

Non-hypertensive (N = 2322)

Normotensive

741

59.0+7.1
21.6
52.0
24.5+3.5
52.0
1.8
1.2

Blood pressures and antihypertensive medication

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Antihypertensive medication (%)

111.8+6.4
68.516.0
0.0

Pre-hypertensive

1581

61.0+7.5
46.4
47.9
26.1+4.0
53.4
2.5
1.7

129.645.8

Continuous variables were expressed as means + standard deviations.

https://doi.org/10.1371/journal.pone.0187600.t001

76.5+6.4
0.0

Hypertensive (N = 2337)

Unmedicated

1290

63.1+7.0
53.3
41.9
27.0+4.4
53.9
3.0
2.3

152.3+11.8
86.2+9.1
0.0

Medicated

1047

65.6+6.2
58.2
41.1
28.5+4.6
56.4
11.7
9.3

142.6+£17.0
81.349.6
100.0

differences (Table 4). While the results of the other white matter microstructure and brain vol-
ume measures were not significant, an association of higher ISOVF again was found in the
global measure (-0.178+0.479 vs. —-0.097+0.517, adjusted p = 0.015) (Table 5) and, more spe-
cifically, in the right superior longitudinal fasciculus and the right superior thalamic radiation
(adjusted p<0.05) (Fig 2).

Comparisons between unmedicated and medicated hypertensive

groups

We also tested for any difference in brain imaging measures in people being treated with
anti-hypertensive medications relative to those who were hypertensive and not receiving

Table 2. Participant characteristics in non-hypertensive and hypertensive groups after propensity score matching.

N
Baseline characteristics
Age (yrs)
Male (%)
Educational level (%)
Body mass index
Ever smoked (%)
Diabetes mellitus (%)
Cardiovascular disease (%)

Non-hypertensive

Blood pressures and antihypertensive medication

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Antihypertensive medication (%)

1559

62.6+7.0
48.0
45.5
26.5+4.0
53.8
2.9
2.2

125.6+9.5
74.5+7 1
0.0

Hypertensive

1559

62.6+6.8
47.7
44.6
26.5+3.9
54.1
3.5
2.6

148.0£14.7
84.5+9.4
38.7

p value

0.815
0.858
0.614
0.826
0.886
0.358
0.559

<0.001
<0.001
<0.001

The non-hypertensive group includes normotensive and pre-hypertensive individuals. Variables were expressed as means * standard deviations and were
analyzed using the Student’s t-test. Nominal variables were analyzed using the Pearson’s chi-square statistic.

https://doi.org/10.1371/journal.pone.0187600.t002
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Table 3. White matter microstructure measures in non-hypertensive and hypertensive groups after propensity score matching.

Non-hypertensive Hypertensive p value
N 1559 1559
White matter microstructure measure
FA 0.041+0.613 —0.043£0.653 0.001
MD —0.070+0.616 0.063+0.680 <0.001
MO 0.000+0.341 —0.006+0.353 1.000
ICVF 0.036+0.788 —0.042+0.836 0.046
oD 0.013+0.483 —0.014+0.497 0.706
ISOVF —0.071£0.510 0.059+0.580 <0.001
Brain volume measure
Total brain volume (ml) 1506.4+71.0 1506.7+£70.9 1.000
Grey matter volume (ml) 796.8+45.8 795.8+44.4 1.000
White matter volume (ml) 709.6+40.7 710.8+41.5 1.000

Variables were expressed as means + standard deviations and were analyzed using the Student’s t-test. White matter microstructural measures are
expressed as mean z-scores referenced to the total study population (n = 4659). Significance levels were set at p<0.05 after Bonferroni correction.
Abbreviations: FA, Fractional anisotropy; ICVF, Intracellular volume fraction; ISOVF, Isotropic volume fraction; MD, Mean diffusivity; MO, Diffusion tensor
mode; OD, Orientation dispersion.

https://doi.org/10.1371/journal.pone.0187600.t003

specific medication, adjusting for baseline characteristics and blood pressure (Table 6). Global
white matter microstructure measures showed lower FA (0.028+0.619 vs. —0.102+0.691,
adjusted p = 0.002) and higher MD (0.052+0.651 vs. 0.191+0.708, adjusted p = 0.001) and
ISOVF (0.05940.550 vs. 0.170+0.595, adjusted p = 0.002) in the medicated than in the unmedi-
cated group (Table 7). Using tract-based analysis for this contrast showed lower FA in the
bilateral superior longitudinal fasciculus, the right anterior and left posterior thalamic radia-
tion, and the forceps minor, higher MD in the bilateral superior and left inferior longitudinal
fasciculus, the left anterior thalamic radiation, and the left acoustic radiation, and higher
ISOVF in the left superior longitudinal fasciculus, the left anterior thalamic radiation, and the
left corticospinal tract (adjusted p<0.05, all) (Fig 3).

Table 4. Participant characteristics in normotensive and pre-hypertensive groups after propensity score matching.

Normotensive Pre-hypertensive p value
N 694 694
Baseline characteristics
Age (yrs) 59.3+7.1 59.5+7.2 0.724
Male (%) 23.1 23.9 0.704
Educational level (%) 50.7 48.7 0.452
Body mass index 24.7+3.4 24.6+3.4 0.507
Ever smoked (%) 52.2 53.6 0.591
Diabetes mellitus (%) 1.9 1.2 0.272
Cardiovascular disease (%) 1.2 0.9 0.591
Blood pressures and antihypertensive medication
Systolic blood pressure (mmHg) 111.916.3 129.0+5.8 <0.001
Diastolic blood pressure (mmHg) 68.6+5.9 76.2+6.4 <0.001

The non-hypertensive group includes normotensive and pre-hypertensive individuals. Variables were expressed as means * standard deviations and were
analyzed using the Student’s t-test. Nominal variables were analyzed using the Pearson’s chi-square statistic.

https://doi.org/10.1371/journal.pone.0187600.t004
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Table 5. White matter microstructure measures in normotensive and pre-hypertensive groups after propensity score matching.

Non-hypertensive Hypertensive p value
N 694 694
White matter microstructure measure
FA 0.048+0.586 0.029+0.604 1.000
MD —0.171£0.579 —0.127+0.591 0.949
MO —0.033+0.337 —0.033+0.331 1.000
ICVF 0.066+0.751 0.072+0.762 1.000
oD 0.093+0.473 0.103+0.495 1.000
ISOVF —0.178+0.479 —0.097+0.517 0.015
Brain volume measure
Total brain volume (ml) 1531.2t72.4 1526.91£71.6 0.774
Grey matter volume (ml) 817.5+45.3 815.8145.7 1.000
White matter volume (ml) 713.8£40.5 711.1£39.9 0.629

Variables were expressed as means + standard deviations and were analyzed using the Student’s t-test. White matter microstructural measures are
expressed as mean z-scores referenced to the total study population (n = 4659). Significance levels were set at p<0.05 after Bonferroni correction.
Abbreviations: FA, Fractional anisotropy; ICVF, Intracellular volume fraction; ISOVF, Isotropic volume fraction; MD, Mean diffusivity; MO, Diffusion tensor
mode; OD, Orientation dispersion.

https://doi.org/10.1371/journal.pone.0187600.t005

Discussion

Here we describe differences in white matter microstructure between non-hypertensive and
hypertensive, normotensive and pre-hypertensive, and unmedicated and medicated hyperten-
sive UKB participants. We found differences in FA, MD, ICVF and ISOVF between the non-
hypertensive and hypertensive groups even after adjustment of possible confounding factors
using propensity score matching. An association of higher ISOVF with higher blood pressure
also was found in the contrast between normotensive and pre-hypertensive groups in the right
superior longitudinal fasciculus and the right superior thalamic radiation, where the lower
ICVF was observed in the hypertensives relative to the non-hypertensive group. These micro-
structural differences may contribute to future risks for cognitive impairment and dementia in

Table 6. Characteristics of unmedicated and medicated hypertensive participants after propensity score matching.

Unmedicated Medicated p value
N 672 672
Baseline characteristics
Age (yrs) 64.7+6.9 64.616.3 0.817
Male (%) 55.7 55.1 0.587
Educational level (%) 43.3 42.9 0.869
Body mass index 27.6+4.7 27.6+4.2 0.784
Ever smoked (%) 54.9 54.6 0.913
Diabetes mellitus (%) 5.5 4.3 0.313
Cardiovascular disease (%) 3.7 3.1 0.548
Blood pressures and antihypertensive medication
Systolic blood pressure (mmHg) 149.6+10.3 148.8+15.7 0.292
Diastolic blood pressure (mmHg) 84.319.1 84.1+9.3 0.714
Antihypertensive medication (%) 0 100.0 <0.001

Variables were expressed as means + standard deviations and were analyzed using the Student’s t-test. Nominal variables were analyzed using the
Pearson’s chi-square statistic.

https://doi.org/10.1371/journal.pone.0187600.t006
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Table 7. White matter microstructure measures in unmedicated and medicated participants with hypertension after propensity score matching.

N

White matter microstructure measure
FA
MD
MO
ICVF
oD
ISOVF

Brain volume measure
Total brain volume (ml)
Grey matter volume (ml)
White matter volume (ml)

Unmedicated Medicated p value
834 834

0.028+0.619 —0.102+0.691 0.002
0.052+0.651 0.191+0.708 0.001
0.013+0.352 —0.003+0.344 1.000

—0.008+0.826 —0.116+0.875 0.123

—0.059+0.501 —0.055+0.507 1.000
0.059+0.550 0.170+0.595 0.002
1496.2+68.8 1492.1+69.2 0.806
788.8+43.8 784.8+43.6 0.267
707.4+40.2 707.3+41.3 1.000

Variables were expressed as means + standard deviations and were analyzed using the Student’s t-test. White matter microstructural measures are
expressed as mean z-scores referenced to the total study population (n = 4659). Significance levels were set at p<0.05 after Bonferroni correction.
Abbreviations: FA, Fractional anisotropy; ICVF, Intracellular volume fraction; ISOVF, Isotropic volume fraction; MD, Mean diffusivity; MO, Diffusion tensor

mode; OD, Orientation dispersion.

https://doi.org/10.1371/journal.pone.0187600.t007

the pre-hypertensive group. The comparison between unmedicated and medicated hyperten-
sive participants unexpectedly showed lower FA and higher MD and ISOVF in the group
treated with anti-hypertensive medication. A possible explanation for this is that medicated
hypertensives had experienced more sustained, more severe hypertension, which had pro-
gressed irreversible abnormalities in white matter microstructure, before starting antihyper-
tensive medication. Future work is needed to test directly whether white matter changes
associated with hypertension are reversible after the effective treatment.

Our findings of lower white matter FA and higher MD in the hypertensives relative to the
non-hypertensive group in this study are consistent with results of the previous studies [10-
16]. Higher SBP previously was associated with lower FA within white matter tracts including
the anterior corpus callosum, inferior fronto-occipital fasciculi, superior lateral fasciculi, unci-
nate and/or fibres that project from the thalamus to the superior frontal gyrus [13,14]. Mean
arterial blood pressure was linearly correlated with FA in the whole white matter, corpus callo-
sum, genu, parietal white matter, and superior and lateral frontal white matter [11,12]. Animal
studies have validated these changes in diffusion MRI measures in terms of histopathological
measures of white matter microstructure in other contexts [18,19]. Our study added evidence
for differences in lower white matter ICVF and higher ISOVF in the hypertensive compared to
the non-hypertensive group. They can be interpreted more specifically: ICVF provides an esti-
mate of neurite density and ISOVF is a measure of extra-cellular water diffusion (ISOVF)
[25,26]. Our results suggest that hypertension is associated with a lower density or packing of
axons in the white matter.

A lower white matter ISOVF was observed even in pre-hypertensive participants in UKB that
included our study. This indicates ISOVF appear more sensitive to brain pathology associated
with chronically elevated blood pressure than are conventional diffusion MRI measures. Maillard
et al. showed lower FA and higher MD in the anterior corpus callosum and inferior fronto-occipi-
tal fascicule and lower GMV in Brodmann’s area 21 and 48 in pre-hypertensives relative to a nor-
motensive group [14]. Our study extends their finding by showing that ISOVF was lower in a pre-
hypertensive group relative to normotensives even after controlling for potential confounds of
age, sex, educational level, BMI, and history of smoking, DM and CVD.
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The results of tract-based analyses provided a more detailed characterization of differences
in white matter integrity associated with high blood pressure. Lower ICVF was observed in the
superior longitudinal fasciculus and the superior thalamic radiation in hypertensives relative
to non-hypertensives and ISOVF was higher in the same tracts in pre-hypertensives than in
the normotensive group. This suggests both that these tracts are amongst the most vulnerable
to changes in microstructure with high blood pressure and (to the extent that inference regard-
ing possible longitudinal changes is possible from these cross-sectional observations) that
changes in white matter ISOVF may precede those in ICVF with high blood pressure. This loss
of white matter integrity being measured may have clinical significance, e.g., lower FA in the
superior longitudinal fasciculus is associated with cognitive decline in hypertensive patients
[38].

The lower ICVF indicates that hypertension may be associated with white matter dystrophy
or axonal loss. The higher ISOVF associated with high blood pressure suggests increased
extra-cellular water diffusion, in other pathologies, has been associated with increased
blood-brain permeability or local inflammatory activation. For example, NODDI shows
lower ICVF and higher ISOVF in white matter lesions of multiple sclerosis, which are char-
acterized histopathologically by inflammatory demyelination associated with breakdown
of the blood-brain barrier and axonal injury [39,40]. Hypertension also increases blood-
brain permeability by affecting perivascular lymphatic drainage, resulting in the local ac-
cumulation of blood proteins that cause a toxic inflammatory response [21]. Even in the
absence of evidence for frank blood-brain barrier permeability changes, vascular adaptation
to chronic hypertension are associated with pro-inflammatory immune activation and tissue
injury [22,23]. Independent associations of similar white matter pathology with cognitive
impairment and a future risk of dementia suggest that they are not benign [41,42]. The
potential impact of early antihypertensive medication on the trajectory of white matter
microstructure damage needs further study.

Our observation of brain white matter differences in the pre-hypertensive group suggests
that the optimal blood pressure for brain health may be lower than previously considered [14].
However, multiple factors should be taken into account. Controlling blood pressure to 130/80
mmHg reduced incidence of strokes in hypertensive patients with high cardiovascular risk
[43]. However, longitudinal studies of populations of older people have shown associations of
lower blood pressure with higher incidence of dementia [44]. A randomized control trial of
intensive blood pressure therapy targeting SBP< 120 mmHg accelerated the decrease in TBV
with aging compared with standard therapy targeting SBP<140 mmHg in patients with type 2
DM [9]. The relationships between measures of white matter structural changes and clinical
outcomes in these different contexts needs further study.

There are several limitations of this study. First, our observation focused on a younger pop-
ulation (mean age 62.3+7.4 yrs) with few co-morbid diseases. The future availability of a much
larger population from the UKB should allow characterization of possible differences in associ-
ation across well-defined subgroups, e.g., those at high cardiovascular risk and older subjects.
Second, propensity score matching might choose participants who were less representative in
original groups. Individuals with DM and/or CVD were more forced to make a match than
those without comorbidities, who were more common. The results should be interpreted
under a recognition of such an analysis-derived limitation. Third, this study was cross-sec-
tional and observational. Study of relationships between these white matter changes and future
cognitive impairment, stroke and dementia will become possible over time with the longitudi-
nal data collection in UKB. However, a properly randomized, prospective, placebo controlled
trial of antihypertensive therapy is needed to provide a confident basis for changes in current
medical practice.
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Conclusions

Our study demonstrated that hypertension is associated with differences in white matter ICVF
and ISOVF, suggesting axonal loss or dystrophy. An association of lower ISOVF also was asso-
ciated with pre-hypertension. The superior longitudinal fasciculus and the superior thalamic
radiation might be the most susceptible for high blood pressure. Our results suggest that small
vessel pathological processes with chronically elevated blood pressure may lead to axonal
pathology that can disrupt brain connectivity and contribute to impairment of cognitive func-
tions even with pre-hypertension.
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