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A B S T R A C T

Background: The objective was a large-scale analysis of the relation between hypertension, memory prob-
lems, and brain function.
Methods: The study design was to measure the association between a history of hypertension, and the func-
tional connectivity between 94 brain regions, and prospective and numeric memory, in 19,507 participants
from the UK Biobank, with cross-validation in 1,002 participants in the Human Connectome Project, and
13,441 individuals in the second release of the UK Biobank. A history of hypertension was measured by
whether individuals were admitted to hospital for the treatment of hypertension, with the control group
admissions for other reasons.
Findings: A history of hypertension was associated with reduced functional connectivity of the hippocampus,
and with reduced prospective memory score (FDR correction p<0.01). The reduced functional connectivity
mediated the association between the hypertension history and the prospective memory score. A graded lin-
ear relation between both the hippocampal functional connectivity and memory impairment, was found
across a wide range of blood pressure (r=-0.04). In 502,537 participants from the UK Biobank, a history of
hypertension was associated with impaired prospective memory (p = 9.1 £ 10�41, Cohen’s d=-0.08) and
numeric memory (p = 4.7 £ 10�24, Cohen’s d=-0.10). The association between hypertension, functional con-
nectivity, and impaired memory was cross-validated with 1,002 participants from the Human Connectome
Project; and for functional connectivity in 13,441 individuals in the second release of the UK Biobank imaging
dataset.
Interpretation: The reduced functional connectivity of the hippocampus, and the memory impairments, both
related to hypertension across a wide range of blood pressure, are important for clinical practice.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Hypertension affects approximately one third of the population,
especially those older than 60 years, of whom 63% have hypertension
[1]. Hypertension is associated with many aspects of health, including
cognitive function [2-4], and antihypertensive treatment may pre-
vent cognitive decline [5]. One type of cognitive function, prospective
memory, has been associated with a history of hypertension [6], and
the association between hypertension and cognition can be indepen-
dent of age [3].

One aim of the present investigation was to test in a large sample
the relation between hypertension and memory, and the brain
regions that are involved. We measured the functional connectivity
between 94 brain regions, where functional connectivity was defined
by the correlation between the BOLD signal in each pair of the 94
regions. Another aim was to assess the relation between different
extents of hypertension, and brain functional connectivity, and
impaired memory, to discover whether the alterations in functional
connectivity and impaired memory were graded throughout the
range of blood pressure, or mainly evident with high blood pressure.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2020.103082&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.oxcns.org,Orcid:orcid.org/0000-0003-3025-1292
https://www.oxcns.org,Orcid:orcid.org/0000-0003-3025-1292
mailto:Edmund.Rolls@oxcns.org
mailto:wcheng@fudan.edu.cn
https://doi.org/10.1016/j.ebiom.2020.103082
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2020.103082
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ebiom


Research in context

Evidence before this study

Hypertension has been associated with memory and cognitive
problems. It has been reported previously that structural
changes of some brain regions, including the prefrontal cortex,
hippocampus, inferior temporal cortex, and inferior parietal
lobule, occur in hypertension. No previous large-scale analysis
of how functional connectivity of the brain, a useful indicator of
brain function, has been found in the literature, yet this is very
important for establishing robust findings, and showing
whether the brain and memory changes relate to the whole
range of blood pressure, or are found mainly at the very high
end of the distribution.

Added value of this study

This neuroimaging study with 19,507 participants from the UK
Biobank established that a history of hypertension was associ-
ated with reduced functional connectivity of the hippocampus,
and to a smaller extent the inferior temporal cortex, posterior
cingulate cortex and dorsolateral prefrontal cortex. The reduced
hippocampal functional connectivity mediated a reduction in
the prospective memory score. Of clinical relevance, a graded
linear relation between the reduced hippocampal functional
connectivity, and the memory impairment, was found across a
wide range of systolic blood pressure. The results are of value
because they are robust: the association between hypertension,
functional connectivity, and impaired memory was cross-vali-
dated with 1002 participants from the Human Connectome
Project; and for functional connectivity in 13,441 individuals in
the second release of the UK Biobank neuroimaging dataset.
Further added value is that in 502,537 participants from the UK
Biobank, it was further established that a history of hyperten-
sion was associated with impaired prospective memory
(p = 9.1 £ 10�41, Cohen’s d=�0.08) and numeric memory
(p = 4.7 £ 10�24, Cohen’s d=�0.10).

Implications of all the available evidence

Taken together, the evidence now shows that increasing
impairments of memory, which are associated with reduced
functional connectivity of a key brain region involved in mem-
ory, the hippocampus, are associated in a graded way with
increased systolic blood pressure throughout the range of
<=120 to >= 160 mm Hg. This has implications for clinical
advice and treatment of high blood pressure.

Table 1
Demographic Characteristics of the 502,537 UK Biobank Participants.

Characteristics No. (%)

Age, mean (SD), year 56.53 (8.10)
Female 273,395 (54.4%)
Townsend deprivation index, mean (SD), points �1.30 (3.10)
Drinking Frequency

Prefer not to answer 594 (0.12%)
Daily or almost daily 97,749 (19.45%)
Three or four times a week 114,509 (22.79%)
Once or twice a week 131,437 (26.15%)
One to three times a month 56,829 (11.31%)
Special occasions only 59,648 (11.87%)
Never 41,771 (8.31%)

Smoking Status
Prefer not to answer 0 (0.0%)
Never 275,843 (54.89%)
Previous 173,388 (34.50%)
Current 53,306 (10.61%)

Education Qualifications
College or University degree 54,532 (10.85%)
A levels/AS levels or equivalent 14,145 (2.81%)
O levels/GCSEs or equivalent 91,517 (18.21%)
CSEs or equivalent 33,873 (6.74%)
NVQ or HND or HNC or equivalent 71,479 (14.22%)
Other professional qualifications e.g.: nursing, teaching 236,991 (47.16%)

Hypertension 110,758 (22.04%)
Prospective Memory Score

Instruction not recalled, either skipped or incorrect 9683 (1.93%)
correct recall on first attempt 156,875 (31.22%)
correct recall on second attempt 34,726 (6.91%)
no records 301,253 (59.95%)
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The hypotheses to be tested were whether hypertension is associ-
ated with differences in the functional connectivity between
some brain areas (such as the hippocampus), and with differences
in memory in a large-scale study; and whether any association
between hypertension and functional connectivity is related to
altered memory function in hypertension. The first part of the
study design was to measure the association between a history of
hypertension, and the functional connectivity between 94 brain
regions, and prospective and numeric memory, in 19,507 partici-
pants from the UK Biobank, with cross-validation in 1002 partici-
pants in the Human Connectome Project, and 13,441 individuals
in the second release of the UK Biobank. The second part of the
study design was to measure whether across very large popula-
tions in the UK Biobank, there was an association between blood
pressure and memory.
Previous investigations have shown that hippocampal functional
connectivity can be associated with measures of memory [7,8], but
we know of no previous investigation of the relation between hyper-
tension and functional connectivity.

The relationship between hypertension, the brain, and cognitive
function may be partially mediated by reduced blood flow associated
with a reduced number of capillaries, and thickened and fibrotic
basement membranes [3]. Hypertension is known to affect the struc-
ture of some brain regions, including the prefrontal cortex, hippo-
campus, inferior temporal cortex, and inferior parietal lobule [9-13].
Understanding how hypertension affects brain function may lead to
better treatments for the cognitive decline that is associated with
hypertension, and may also emphasize the importance of treating
hypertension.

2. Methods

2.1. Participants

The dataset used for this investigation was selected from the Sep-
tember 2019 public data release from the UK Biobank which includes
a wide range of phenotypic information, as well as biological samples,
for more than 500,000 participants. The UK Biobank sample used in
these analyses included 502,537 participants (of whom 273,395
[54.4%] were female; age range, 37�73 years). The UK Biobank
received ethical approval from the research ethics committee (REC
reference 11/NW/0382). The present analyses were conducted under
UK Biobank application number 1954. Written informed consent was
obtained from each subject. The demographic characteristics of par-
ticipants including their hypertension history and prospective mem-
ory scores, are summarized in Table 1.

2.2. Imaging data collection and pre-processing

The multi-modal imaging was collected using a standard Siemens
Skyra 3T running VD13A SP4, with a standard Siemens 32-channel RF
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receive head coil. The resting-state functional brain imaging data
used in this study were from 22,331 participants and were obtained
and processed by the UK Biobank. After quality controls and remov-
ing some participants without behavioral data, 19,507 participants
remained in the neuroimaging analysis. The details of the image
acquisition are provided at the UK Biobank website in the form of a
protocol (http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2367). All
the quality checking and data preprocessing procedures were con-
ducted by the UK Biobank and the details of the preprocessing are
available on the UK Biobank website (http://biobank.ctsu.ox.ac.uk/
crystal/refer.cgi?id=1977) and elsewhere [14]. Briefly, data pre-proc-
essing was carried out using FSL (FMRIB Software Library). All the
data preprocessing procedures were performed by the UK Biobank
team as described in [14]. The data preprocessing included correction
for spatial and gradient distortions and head motion, intensity nor-
malization and bias field removal, registration to the T1 weighted
structural image, transformation to 2 mm Montreal Neurological
Institute (MNI) space, and the FIX artefact removal procedure [15,16].
Finally, the head motion parameters were regressed out and struc-
tured artefacts were removed by ICA+FIX processing (Independent
Component Analysis followed by FMRIB’s ICA-based X-noiseifier
[17,18]). The data preprocessing pipeline developed by FMRIB
(Oxford University centre for Functional MRI of the Brain) used here
has been widely used in resting state fMRI studies [15,19-21].
2.3. Construction of the whole-brain functional network

After the pre-processing, the gray matter of the whole brain was
divided into 94 regions using the AAL2 (Automated Anatomical
Labelling) atlas [22]. Based on the AAL2 atlas, the time series were
extracted by determining the mean of the signals of all voxels within
each region across 490 time points. The whole-brain functional net-
work (94 £ 94 regions with 4371 links) was established by calculat-
ing the Pearson correlation between the BOLD (blood oxygen
level-dependent) signal for all pairs of brain regions for each individ-
ual participant, followed by z transformation to improve normality
[23,24]. The anatomical regions in the AAL2 atlas are shown in
Table S1.
2.4. Hypertension history and prospective memory phenotypes

The definition of hypertension history applied in this study is a
hospital discharge diagnosis of essential hypertension without
dementia or stroke. For a hospital discharge diagnosis of a history of
hypertension, individuals were included in the history of hyperten-
sion group (N = 2720) if they had a hospital admission with a primary
or secondary International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision (ICD-10), code for essential
hypertension (Field id: 41,202 and 41,204), and individuals were
included in the control group (N = 12,366) if they had a hospital
admission record that showed that they did not have a diagnosis of
hypertension. Four cognitive measures with continuous test scores
available in the UK Biobank for the individuals studied here were pro-
spective memory, numeric memory, fluid intelligence, and reaction
time, and we measured whether these measures were correlated
with hypertension. Prospective memory is the memory for tasks that
need to be completed in the future, and is an example of episodic
memory [25,26]. The measure of prospective memory (Field id:
20,018) in the UK Biobank, provides three scores: 0 - Instruction not
recalled, either skipped or incorrect; 1 - correct recall on first
attempt; 2 - correct recall on second attempt. These values were
recoded so that a larger number reflects better performance. Numeric
memory (the digit span, which is a measure of short term memory)
was available in Field id: 4282).
2.5. Statistical analysis

2.5.1. Association analysis
A general linear model (GLM) was used to test the associations of

the history of hypertension with the functional connectivity, and
with the cognitive measures available in the UK Biobank including
prospective memory, numeric memory and fluid intelligence. The
independent variable was the history of hypertension (a binary vari-
able), the dependent variables were functional connectivity links or a
cognitive measure (all non-binary), and the covariates to be regressed
out of the analysis were gender, age, Townsend deprivation index
(which includes information for example about the loss of parents),
frequency of drinking alcohol, smoking status, educational qualifica-
tions, and head motion (mean Framewise Displacement). A t-statistic
and Cohen’s d were obtained for each GLM to reflect the association
between the history of hypertension and the dependent variable.
False discovery rate (FDR) correction was used to correct for multiple
comparisons across all functional connectivities and cognitive
measures.

2.5.2. Mediation analysis
A standard mediation analysis was performed using the Media-

tion Toolbox developed by Tor Wager's group (https://github.com/
canlab/MediationToolbox), which has been widely used in many neu-
roimaging studies [27-29]. A standard 3-variable path model was
used here [30], with the detailed methodology description in the sup-
plementary material of Wager et al. [27]. Briefly, mediation analysis
tests whether the association between two variables can be
explained by a third variable (the mediator). The hypothesis tested
here was whether the functional connectivity was a mediator
between the history of hypertension and prospective memory. Con-
founding variables as in the association analysis were regressed out
in the mediation model. The significance of the mediation was esti-
mated by the bias-corrected bootstrap approach (with 10,000 ran-
dom samplings). FDR correction was used to correct for multiple
comparisons across functional connectivities.

2.6. Cross-Validation using two independent datasets

2.6.1. The second release of the UK Biobank imaging dataset
Another imaging dataset with 17,779 participants was released in

January 2020 by the UK Biobank, and this was used for cross-valida-
tion in this study. The pre-processing with the second release of the
UK Biobank imaging dataset was the same as described above for the
first release. The group with a history of hypertension was defined in
the same way as for the first release, by hospital discharge with a
diagnosis of essential hypertension without dementia or stroke. In
this second release, the data needed for the analysis were available
from 2200 participants with a history of hypertension, and 11,241
participants without a hospital record of hypertension as the control
group.

2.6.2. Human Connectome Project (HCP) dataset
The dataset used for cross-validation was selected from the Mar

2017 public data release from the Human Connectome Project (HCP,
N = 1200), WU-Minn Consortium. Our sample included 1002 subjects
(ages 22�37 years, 534 females) scanned on a 3-T Siemens connec-
tome-Skyra scanner. The WU-Minn HCP Consortium obtained full
informed consent from all participants, and research procedures and
ethical guidelines were followed in accordance with the Institutional
Review Boards (IRB). The demographic characteristics of participants
are summarized in Table S2. The participants with systolic/diastolic
blood pressure (SBP/DBP) higher than 130/85 [31] were defined as
the high blood pressure group. There were 144 participants with
high blood pressure as the hypertension group, and 582 participants
with normal blood pressure as the healthy control group. The

http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2367
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collection and preprocessing of the data are provided at the HCP
website (http://www.humanconnectome.org/). The parameters and
data preprocessing procedures are very consistent in both datasets
which makes the HCP dataset useful for cross-validating the findings
described here based on the UK Biobank dataset

2.6.2.1. Data availability and ethics statement. Data for the UK Bio-
bank are available at https://www.ukbiobank.ac.uk/, and for the
Human Connectome Project at https://www.humanconnectome.org/,
together with details of the ethical permissions obtained for those
investigations. The funders had no role in the design or implementa-
tion of the research.

3. Results

3.1. Functional connectivity links different between the history of
hypertension group and the control group

Functional connectivity was measured in 19,507 participants from
the UK Biobank release 1. We found that 847/4371 links between
brain areas using the automatic anatomical labeling atlas 2 (See Table
S1 and [22]) had a lower functional connectivity in a group of 2720
individuals with a history of hospitalization for hypertension (FDR
corrected, p<0.005, corresponding to an uncorrected threshold p
value =9.7 £ 10�4), as shown in Fig. 1a. The brain region with the
most significantly reduced functional connectivity links was the hip-
pocampus, with 139 of the 186 links that the hippocampus has with
other AAL2 regions significantly reduced. Other brain regions with
reduced functional connectivity links included the inferior temporal
cortex and temporal pole; the thalamus; the posterior cingulate cor-
tex; prefrontal cortical areas (Frontal_Sup and Frontal_Mid); and the
orbitofrontal cortex (Fig. 1a and b). Table 3 shows the 20 most signifi-
cantly different functional connectivity links between the history of
hypertension and the control groups, with large t and very significant
p values, and with Cohen’s d indicating a reasonable effect size. 12 of
the 20 links involved the hippocampus.

Given this discovery, we next analysed whether hypertension was
associated with memory and other cognitive problems, as the hippo-
campus is implicated in memory [32-35].

3.2. Association between hypertension history and cognitive function

Significant associations were found between a history of hyperten-
sion and prospective memory, numeric memory, and fluid intelligence,
as shown in Table 2. This analysis was based on 502,537 participants,
22.04% of whom had been diagnosed with a history of an essential
hypertension episode without dementia or stroke. For example, a
history of hypertension was associated with impaired prospective
memory (N = 138,512, Cohen's d=�0.08, b=�0.145, p = 9.1 £ 10�41).
Numeric memory (the short term memory for a set of numbers) was
also significantly impaired in the history of hypertension group
(N = 133,439, Cohen's d=�0.10, b=�0.062, p = 4.7£ 10�24). In addition,
fluid intelligence was significantly negatively associated with hyper-
tension history (N = 133,439, Cohen's d=�0.11, b=�0.058,
p = 3.97£ 10�76).

3.3. Functional connectivity links correlated with prospective memory

Because the hippocampus is involved in memory [34,36,37], we
analysed whether the reduced functional connectivity associated
with hypertension is associated with memory impairments. First, we
measured the association between prospective memory (an episodic
memory measure available for the UK Biobank dataset) and func-
tional connectivity, and found significant associations as shown
in Fig. 1c (429 significant links after FDR correction p<0.01,
threshold=9.8 £ 10�4, N = 19,507). Significant associations were
found for the hippocampus, gyrus rectus, temporal lobe, and poste-
rior cingulate cortex, and Frontal_Mid and Frontal_Sup: better pro-
spective memory scores were associated with higher functional
connectivities of these regions (Fig. 1c and d; Table S4).

In addition, the mean strength of functional connectivities associ-
ated with hypertension history (as shown in Fig. 1a) was also associ-
ated with prospective memory (p = 2.6 £ 10�3, N = 19,507). The
common links related to both high blood pressure and impaired
prospective memory are shown in Fig. 1e.

3.3.1. Functional connectivity mediates the association between a
history of hypertension and prospective memory

Given the association between hypertension and both prospective
memory and functional connectivity, we investigated whether the
functional connectivity differences associated with hypertension are
related to the impairments in prospective memory associated with a
history of hypertension. We performed this analysis for the links that
were significantly associated with a history of hypertension and pro-
spective memory. The mediation analysis shown in Fig. 2 shows that
these differences in functional connectivity explain 11.5% of the asso-
ciation between a history of hypertension and prospective memory
(b=�0.003; p = 2.7 £ 10�4; 95% CI, �0.005 to �0.002, N = 19,507), in
that the association was reduced when the mediating effect of func-
tional connectivity was removed. It was also found that most (84/88)
of these individual common links also significantly (FDR corrected,
p<0.05, threshold=0.03) mediated the association between a history
of hypertension and prospective memory, including 26/88 links
involving the hippocampus.

3.3.2. Higher blood pressure is associated with reduced hippocampal
functional connectivity and impaired memory

The analyses described above were for a group with a history of
hypertension compared to a control group. We also investigated for
the 19,507 participants with neuroimaging data the relation between
the blood pressure, hippocampal functional connectivity, and mem-
ory. This analysis was thus independent of whether an individual had
been treated in hospital for hypertension, and age was regressed out
of the analysis. Fig. 3a shows that there is a graded reduction
between the functional connectivity of all 186 hippocampal links in
AAL2 and systolic blood pressure (p<10�10, r= �0.05), with Fig. 3c
showing a similar reduction related to diastolic blood pressure
(p<10�10, r=�0.04). This analysis shows that the reduction of hippo-
campal connectivity is not associated just with extreme values of
blood pressure, but is graded throughout the range, with the linear
regression coefficient significant at p<10�10. Fig. 3b shows that in the
same participants numeric memory has a very similar graded reduc-
tion with higher values of systolic blood pressure with the linear
regression coefficient significant at p<0.05, and Fig. 3d shows a
reduction in numeric memory with higher values of diastolic blood
pressure with the linear regression coefficient significant at
p = 1.5 £ 10�4.

These results show that there is a clear and graded relation
between high blood pressure and reduced hippocampal functional
connectivity and impaired numeric memory when the measure is
blood pressure in the whole group of participants, independently of
whether they had received treatment for hypertension.

We were also able to investigate whether there were gender and
age-related differences in the association between hypertension, and
hippocampal functional connectivity effects and prospective memory
and numeric memory. Two-way ANOVAs, with one factor hyperten-
sion, and the second factor age or gender, were performed, with the
dependent variables hippocampal functional connectivity effects or
prospective memory or numeric memory. A significant interaction
would indicate that some of the associations were age- or gender-
dependent. No significant age-related interaction effects were found
for the relation between any measure of hypertension, and age, on

http://www.humanconnectome.org/)
https://www.ukbiobank.ac.uk/
https://www.humanconnectome.org/


Fig. 1. a) The differences of functional connectivity between the group with a history of hypertension and the control group, with 19,507 participants. The lower triangle
matrix shows t values for the functional connectivity differences for the whole brain. Negative t values (blue) indicated reduced functional connectivity. The upper triangle matrix
shows the significant links after FDR correction (p<0.005, threshold=9.7 £ 10�4). The regions are the AAL2 regions in the order shown in Table S1. b) The AAL2 areas with signifi-
cantly different functional connectivity between the history of hypertension and control groups. The measure shown is the number of significant links FDR corrected,
p<0.005, threshold=9.7 £ 10�4 for each AAL2 region, using a threshold of 15 links per region. c) The association between the prospective memory and the functional connectiv-
ity. The lower triangle matrix shows r values for the association. The upper triangle matrix shows the significant links after FDR correction (p<0.01, threshold=9.8 £ 10�4). d) The
AAL2 areas with significant associations of functional connectivity with prospective memory. The measure shown is the number of significant links FDR corrected, p<0.01,
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Table 2
A History of Hypertension is associated with reduced prospective memory,
numeric memory, and fluid intelligence. The association was measured by the
regression in the GLM (which included regressing out any possible effects of the fol-
lowing 6 variables: gender, age, education qualifications, Townsend deprivation
index, frequency of drinking alcohol, and smoking status).

Cohen’s d Regression coefficient P value

Prospective memory
(N = 138,512)

�0.08 �0.184 9.05 £ 10�41

Numeric memory
(N = 42,392)

�0.10 �0.255 4.71 £ 10�24

Fluid intelligence
(N = 133,439)

�0.11 �0.281 3.97 £ 10�76
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hippocampal functional connectivity or prospective memory or
numeric memory. For gender, there was some tendency for the
effects of a history of hypertension on functional connectivity, pro-
spective memory, and numeric memory, to be greater in males, but
the effects were only just significant, given that many different tests
were performed. The details are provided in the Supplementary
Material.

3.4. Cross-Validation using the second release of the UK Biobank
imaging dataset

We cross-validated our imaging findings by using the second
release of the UK Biobank image data. 1228/4371 links had a lower
functional connectivity in the history of hypertension group (FDR
corrected, p<0.005, N = 13,441) and 544/1228 significant links over-
lapped with the results based on the first release of the UK Biobank
dataset. The brain region with most significantly reduced functional
connectivity links was the hippocampus, with 126 of the 186 links
that the hippocampus has with other AAL2 regions significantly
reduced, cross-validating a key finding within the first release of the
UK Biobank data. Further, the differences in the 4371 whole brain
functional connectivity links between the hypertension and control
groups were also similar for these two UK Biobank imaging datasets
released at different times (r = 0.57, p<10�10, Fig. 4b). Thus the sec-
ond release of the UK Biobank neuroimaging data provided clear
cross-validation for the association of a history of hypertension with
reduced functional connectivity links that included the hippocampus.
(Memory data are not available for the second release.)

3.5. Cross-Validation using the Human Connectome Project dataset

A further cross-validation analysis was performed using the HCP
dataset, for which high (SBP/DBP, 130/85) vs control (SBP=[85�130],
DBP=[60�85]) blood pressure measures were available (N = 144 vs
582 respectively). The mean strengths of the whole brain resting
state functional connectivity links for the AAL2 atlas for 1002 partici-
pants within the HCP dataset were very similar to those in the UK
Biobank dataset (r = 0.94, p<10�10), providing an indication that the
HCP dataset is suitable to utilize for cross validation in this study. In
the high blood pressure group, the 220 functional connectivity links
with lower values than in the control group (FDR corrected, p<0.01,
uncorrected threshold p = 4.6 £ 10�4) are shown in Fig. S1a and b. 88
of these 220 links in the HCP involved the hippocampus and parahip-
pocampus, cross-validating a key finding within the UK Biobank data.
Further, the differences in the functional connectivities between the
hypertension and control groups were similar for the HCP and UK
Biobank data (r = 0.23, p<10�10) (Fig. 1a and b). The brain regions
included the hippocampus, parahippocampal gyrus, inferior temporal
gyrus, and prefrontal cortex.
threshold=9.8 £ 10�4 for each AAL2 region, using a threshold of 15 links per region. e) The c
The size of the nodes indicates the number of common links, with the largest node the hippo
The data shown in Fig. 1 are from participants in the UK Biobank
hospitalized for hypertension, and the data shown in Fig. S1 are for
HCP participants with a measured high blood pressure. We therefore
performed an additional comparison. Using the same blood pressure
criterion for both the HCP and UK Biobank datasets, we show in Fig.
S2a that across all functional connectivity links, there is a high corre-
lation (r = 0.34, p<10�10) between the differences in functional con-
nectivity associated with high blood pressure vs controls in the UK
Biobank and the HCP datasets. The links with reduced functional con-
nectivity in both datasets for the hypertension groups are shown in
Fig. S2b, with 21 of the 81 common links involving the hippocampus,
the largest node in Fig. S2b. Permutation tests revealed that across
these two datasets, the functional connectivities involving the hippo-
campus were more likely to be present in both datasets than would
be expected by chance (p = 3 £ 10�4). Thus, the cross-validation
with data from the HCP shows that hypertension is associated with
reductions in functional connectivity of the hippocampal formation
as in the UK Biobank.

Further, the relationship between high blood pressure and cogni-
tive function was also cross-validated in the HCP data set, in that the
Episodic memory test score in the HCP dataset was negatively corre-
lated with hypertension (N = 1002, Cohen's d=�0.215, b=�0.02,
p = 8.2 £ 10�3).

Thus, the HCP dataset provided clear cross-validation for the asso-
ciation of hypertension both with reduced functional connectivity
links that included the hippocampus, and with the memory impair-
ments found in the UK Biobank dataset.
4. Discussion

This investigation provides evidence in a very large population
that impairments in cognitive function including prospective mem-
ory, numeric memory, and fluid intelligence are associated with
hypertension; that functional connectivity reductions especially
involving the hippocampus and some related areas such as the para-
hippocampal gyrus, temporal cortex, prefrontal cortex, posterior cin-
gulate cortex, and gyrus rectus (part of the ventromedial prefrontal
cortex [38]) are associated with a history of hypertension; and that
these reduced functional connectivities mediate the impairments in
prospective memory. The participants were drawn from the general
population (mainly 37�73 years old). Given that we showed for the
first time that brain regions involved in episodic / prospective mem-
ory such as the hippocampus are related to hypertension and medi-
ate the association between hypertension and memory problems,
there is a further highlight on the potential utility of paying attention
to and treating high blood pressure.

Prospective memory is the memory for tasks that need to be com-
pleted in the future, and is an example of episodic memory [25,26].
Another type of memory, numeric memory (the digit span, which is a
measure of short term memory, but the primacy part of which uti-
lizes a longer term form of memory), was also associated with a his-
tory of hypertension (Table 2); so the association of hypertension
with impaired memory is extensive. As these participants were
drawn from a general population not selected to have memory prob-
lems, an implication is that hypertension may be associated with
memory problems that have not been detected in individuals.

The results just described are for a group with a history of hyper-
tension compared to a control group. But in an important extension
of the research, we showed that for the 19,507 participants with neu-
roimaging data there was a graded relation between increasing blood
pressure and reduced hippocampal functional connectivity (Fig. 3a)
and impaired numeric memory (Fig. 3b). This analysis was thus inde-
pendent of whether an individual had been treated in hospital for
ommon links associated with both hypertension history and prospective memory.
campus.



Table 3
The most significant 20 Functional Connectivity Links associated with Hypertension history from the UK
Biobank analysis using 15,086 participants. A t-test was performed for different functional connectivities
between the group categorized as having a history of hypertension (n = 2720) and the participants without a
history of hypertension (n = 12,366). The significance value for the links is p<0.005 corrected by the FDR
method. Each link is between two areas defined in the AAL2 atlas. A link negatively correlated with hyperten-
sion indicates that the functional connectivity of that link is lower in the hypertension group than the control
group. The brain area names used are those for the corresponding AAL2 area shown in Table S1.

Functional Connectivity t value Cohens’s d p value

Temporal_Pole_Sup_L
Temporal_Pole_Mid_L �6.94 �0.113

4.20E-12
Hippocampus_L Hippocampus_R �6.82 �0.111 9.72E-12
Fusiform_L Fusiform_R �6.56 �0.107 5.39E-11
Hippocampus_R Temporal_Pole_Sup_L �6.49 �0.106
8.62E-11
Occipital_Inf_L Occipital_Inf_R �6.27 �0.102 3.65E-10
Lingual_L Lingual_R �6.21 �0.101 5.57E-10
Hippocampus_R Temporal_Inf_R �6.19 �0.101 6.12E-10
Hippocampus_R Temporal_Pole_Sup_R �6.17 �0.100
7.04E-10
Hippocampus_R Occipital_Inf_L �6.11 �0.099 1.03E-09
Hippocampus_R Temporal_Mid_L �5.99 �0.098 2.16E-09
Hippocampus_R Heschl_R �5.96 �0.097 2.56E-09
Hippocampus_R Temporal_Inf_L �5.92 �0.096 3.31E-09

Temporal_Pole_Sup_L
Temporal_Mid_L �5.92 �0.096 3.39E-09
Hippocampus_R Occipital_Inf_R �5.89 �0.096 3.89E-09

Temporal_Pole_Sup_L
Temporal_Pole_Mid_R �5.86 �0.095

4.73E-09
Hippocampus_R Paracentral_Lobule_L �5.83 �0.095
5.57E-09
Insula_R SupraMarginal_R �5.82 �0.095 6.06E-09
Thalamus_L Thalamus_R �5.82 �0.095 6.17E-09
Hippocampus_L Temporal_Pole_Sup_L �5.77 �0.094
8.30E-09
Frontal_Sup_2_L Hippocampus_R �5.74 �0.093 9.67E-09
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hypertension, and age was regressed out of the analysis. Significant
reductions were also found for prospective memory (p<10�10) and
for fluid intelligence (p<10�10) as a function of systolic blood pres-
sure. These results show that there is a clear and graded relation
between high blood pressure and reduced hippocampal functional
connectivity and impaired memory when the measure is blood pres-
sure in the whole group of participants, independently of whether
they have received treatment for hypertension. An implication is that
Fig. 2. Mediation by functional connectivity of the association between a history of hy
hypertension history and the mediator (the mean strength of common functional connectivit
(prospective memory); Path C shows that the regression coefficient (beta value) of hypertens
not taken into account. The beta values show the regression coefficient of the effect of the in
C’ indicates the direct association between hypertension history and the outcome (prospectiv
cant reduction in the regression coefficient when the association with the functional conne
account explains 11.5% of the association between a history of hypertension and prospective
the association between high blood pressure, reduced hippocampal
functional connectivity, and impaired memory is present throughout
the population, in individuals who may not have been diagnosed
with high blood pressure or impaired memory. This has implications
for the treatment of high blood pressure.

Most of the brain regions identified in this study as associated
with memory impairments in hypertension are involved in memory.
The hippocampus, gyrus rectus, and posterior cingulate cortex are all
pertension and reduced prospective memory. Path A: the association between the
ies as shown in Fig. 1E); Path B: the association between the mediator and the outcome
ion history on the prospective memory was high when the functional connectivity was
dependent variable (hypertension history) on the outcome (prospective memory). Path
e memory) controlling for the mediator. Path C’ (when compared to C) shows a signifi-
ctivity was taken into account. Path AB shows that taking functional connectivity into
memory (p = 2.7 £ 10�4).



Fig. 3. Higher blood pressure is associated with reduced hippocampal functional connectivity and impaired memory. a. For the 19,507 participants with neuroimaging data,
there was a graded reduction in the functional connectivity of the 88 hippocampal functional connectivity links and systolic blood pressure. The mean functional connectivity § the
sem is shown, together with the number of participants. The line shows the linear regression computed over all 19,507 participants, with age regressed out, and was significant at
p<10�10. b. For the same participants there was a graded reduction in the numeric memory score with higher values of systolic blood pressure, with the linear regression coefficient
significant at p = 0.02 and age regressed out. c. For the 19,507 participants with neuroimaging data, there was a graded reduction in the functional connectivity of the 88 hippocam-
pal functional connectivity links and diastolic blood pressure. The mean functional connectivity § the sem is shown, together with the number of participants. The line shows the
linear regression computed over all 19,507 participants, with age regressed out, and was significant at p<10�10. d. For the same participants there was a graded reduction in the
numeric memory score with higher values of diastolic blood pressure, with the linear regression coefficient significant at p = 1.5 £ 10�4 and age regressed out.
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implicated in episodic memory including autobiographical memory
[25,26,35,39]. The prefrontal cortex is implicated in short term and
working memory [40-42], of which the numeric memory test is an
example.

The functional connectivity results described here are very robust,
in that they were replicated in data from 1002 participants from the
Human Connectome Project (HCP) dataset, and in 13,441 individuals
in the second release of the UK Biobank imaging dataset. The sizes of
these populations in which functional connectivity was measured
and related to biological measures such as blood pressure and to cog-
nitive problems is relatively unprecedented, and paves the way for
similarly robust investigations in the future.

This is an association study showing a correlation between hyper-
tension, reduced hippocampal function connectivity, and impaired
memory, with the role of the hippocampus in the memory effects
supported by a mediation analysis. Association studies enable discov-
eries of the type described here to be made, and are part of the ratio-
nale for the huge investment in large-scale data sets such as the UK
Biobank and Human Connectome Project. Of course in terms of limi-
tations such association studies do not necessarily address all the
causal factors that may underlie the association, but once the associa-
tion has been discovered, hypotheses about the causal factors, and
tests of treatments suggested by the discovery, can be tested. We
note that any general change in the haemodynamic response func-
tion associated with hypertension is unlikely to account for the
results described here, for as shown in Fig. 1, the reduced functional
connectivity was prominent for especially the hippocampus and a
few related brain areas.

In this context, it will be of interest in future research to under-
stand better the mechanisms by which high blood pressure may
impair the functional connectivity of the brain regions such as the
hippocampus identified in this investigation. Perhaps in some ways
these brain areas have metabolism that is especially sensitive to dis-
turbances in microperfusion [3]. Central nervous system small vessel
disease is associated with hypertension, and may be associated with
white matter hyperintensities, so further investigations along these



Fig. 4. Cross-validation with the second release of the UK Biobank dataset. a. The differences of functional connectivity between the group with a history of hypertension and the
control group, released in March 2020. The lower triangle matrix shows t values for the functional connectivity differences for the whole brain. Negative t values (blue) indicate
reduced functional connectivity. The upper triangle matrix shows the significant links after FDR correction (p<0.005, threshold= p = 1.4 £10�3). The regions are the AAL2 regions
in the order shown in Table S1. b. Correlation between the t values for the differences related to hypertension of the 4371 whole brain functional connectivity links for the two UK
Biobank data sets.
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lines would be of interest [43]. The most widely accepted approach to
treatment of central nervous system small vessel disease is to inten-
sively control well-established vascular risk factors, of which hyper-
tension is the most important [43].

In terms of possible limitations at least of the implications of this
study, we note that the effect size for the relation between both hip-
pocampal functional connectivity and numeric memory, and diastolic
blood pressure across the whole UK Biobank population with neuro-
imaging data, was reasonable if not large (with r values around �0.04
and p in the range 10�4 to 10�10). In this context, the more major and
primary findings reported here, that hypertension requiring hospital-
ization was associated with both reduced hippocampal functional
connectivity and impaired memory, had larger effect sizes (with
Cohen’s d in the order of �0.1), and were highly statistically signifi-
cant (with p values in the order of 10�24 to 10�41). This helps to place
the implications of the findings described here in a quantitative per-
spective.

In conclusion, an important novel finding is that the hypertension
history in a general population is correlated with reduced functional
connectivities of a number of brain areas including the hippocampus
and regions connected to it. This finding is based on 19,507 partici-
pants from the UK Biobank dataset, and cross-validated in the USA
Human Connectome Project. Another new finding is that the
decreased functional connectivity involving brain regions such as the
hippocampus provides a neural basis for the association between a his-
tory of hypertension and memory impairments. Another new finding
is that a graded linear relation between both the functional connectiv-
ity of the hippocampal links, and memory impairment, was found
across a wide range of systolic blood pressure (Fig. 3). Another new
finding is that in 502,537 participants from the UK Biobank, it was fur-
ther established that a history of hypertension was associated with
impaired prospective memory (p = 9.1 £ 10�41, Cohen’s d=�0.08) and
numeric memory (p = 4.7 £ 10�24, Cohen’s d=�0.10). The findings
have implications for the treatment of hypertension and memory
decline, which is further associated with decreases in cognitive func-
tion, as shown here by the impairment in fluid intelligence. The
reduced functional connectivity of the hippocampus, and the memory
impairments related to hypertension, across a wide range of systolic
blood pressure, need to be taken into account in clinical practice.
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