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Disrupted Frontoparietal Network Mediates White Matter
Structure Dysfunction Associated with Cognitive Decline in
Hypertension Patients
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Some previous reports have suggested that hypertension is a risk factor for dementia and cognitive impairments. Using behavioral data from
1007 elderly human subjects (405 hypertensive patients) of Han ethnicity from Beijing, China, the present study aimed to assess the effects of
hypertension on cognitive performance and explore related neuronal changes via advanced resting-state functional magnetic resonance imag-
ing and diffusion tensor imaging data from 84 of these subjects (44 hypertensive patients). Cognitively, we found that patients with hypertension
showed decreased executive functions and attention compared with those with normotension in the large sample. In magnetic resonance
imaging scan sample, using independent component analysis to examine the functional connectivity difference between the two groups, we
found that the frontoparietal networks in the hypertensive group exhibited altered patterns compared with the control group, mainly in the
inferior parietal lobe, left inferior frontal lobe, and precuneus. Using tract-based spatial statistics to investigate the between-group structural
difference, we found that the hypertensive group showed significantly reduced integrity of white matter in the bilateral superior longitudinal
fasciculus. Importantly, using the mediation analysis, we found that the functional connectivity of the frontoparietal networks mediates the
impact of white matter on executive function in the hypertensive group. The results demonstrate that hypertension targets a specific pattern of
cognitive decline, possibly due to deficits in the white matter and functional connectivity in frontal and parietal lobes. Our findings highlight the
importance of brain protection in hypertension.
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Hypertension is a risk factor for cognitive decline and dementia. However, the neural mechanism underlying cognitive decline in
hypertension is largely unknown. We studied the relationship among cognitive decline, brain functional, and structural changes
in hypertensive patients via advanced resting-state functional magnetic resonance imaging and diffusion tensor imaging data in
a Chinese cohort. Hypertensive patients showed executive dysfunction, along with disrupted functional connectivity in frontopa-
rietal (FP) networks and reduced integrity of white matter in the bilateral superior longitudinal fasciculus. Importantly, the
functional connectivity changes mediate the impact of white matter alterations on cognitive decline in the hypertensive group. Our
findings provide a better understanding of the mechanism of cognitive decline in hypertension and highlight the importance of
brain protection in hypertension. j

ignificance Statement

sion is also considered to be a pivotal risk factor for dementia
(Wiseman etal., 2004; Sepe-Monti et al., 2007). However, there is
limited evidence regarding the neural mechanism of cognitive
decline in hypertension.

Introduction

In China, hypertension is a disease of pandemic proportions. In
addition to leading to serious cardiovascular consequences, such
as stroke, myocardium hypertrophy, and heart failure, hyperten-
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The panoply of cognitive functions that underpin everyday
human experience requires precisely choreographed patterns of
interaction among networked brain regions (Mesulam, 1998;
Leech et al., 2011). Previous research has reported that there are
some functional resting-state networks (RSNs) in the brain (Sorg
et al., 2007). As the most important and common RSNs, default
mode networks (DMNs) mainly underpin the core social do-
mains of cognition, such as self-representation and mentalization
(Tsioufis et al., 2006; Buckner et al., 2008); the FP network mainly
underpins the core executive domains of cognition (Assmus et
al., 2007; Bartolomeo et al., 2007; Leech et al., 2011). Aberrant
connectivity patterns are evident across brain disorders (Leech et
al., 2011). In Alzheimer’s disease (AD; Sperling et al., 2010) and
mild cognitive impairment (Weiler et al.,, 2014), there is a
changed DMN that is related to impaired memory ability. These
RSNs may play a role in cognitive function impairments in re-
lated diseases. However, no study has investigated changes in
RSN in hypertensive patients.

Functional connectivity (FC) is based on the white matter
tract connectivity to facilitate ongoing inter-regional neuronal
communication (van den Heuvel et al., 2009). The cingulum
tract plays an important role in the FC of DMNs (Park et al., 2005;
Schlosser et al., 2005). In patients with multiple sclerosis, Lowe et
al. demonstrated that decreases of FC between the left and right
primary motor regions are associated with the changed corpus
callosum tracts (Le et al., 2005). Furthermore, van den Heuvel et
al. (2009) have reported that regions within RSNs are densely
interconnected by white matter fiber tracts. Together, these re-
sults suggest that the effect of widespread white matter tract def-
icits is likely to be a key factor that affects brain functional
network connectivity.

Thus, studying the domains of cognitive impairment due to
hypertension, one of the most important risk factors for demen-
tia, could help in understanding the hypertension-related neural
mechanism and in finding early warning signs for dementia and
ways to delay the development of pathophysiological deficits in
the brain. We first assessed the cognitive performance of hyper-
tensive patients with a battery of neuropsychological tests in a
large sample of people of Han ethnicity and the related neural
mechanism. For the hypertension-related pathophysiologic
brain alterations, we then chose a representative sample for mag-
netic resonance imaging (MRI) scanning and combined resting-
state functional MRI (fMRI) and diffusion tensor imaging (DTI)
technology to investigate the functional and structural connec-
tivity of RSN’ in hypertensive patients.

Materials and Methods

Large sample of behavioral research

Participants

The participants in the present study were from the Beijing Aging Brain
Rejuvenation Initiative (BABRI) and were recruited for a cross-sectional
study of urban elderly adults in Beijing, China (Nielsen, 1975). People
with suspected dementia or who were unable to complete the neuropsy-
chological tests because of physical or mental disability were excluded
from the study. People who completed the neuropsychological tests but
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refused to answer the personal information questionnaire for privacy or
other reasons were excluded from the analysis of associated factors. We
excluded participants with structural abnormalities that could impair
cognitive function; these included cerebrovascular lesions, such as tu-
mor, subdural hematoma, and contusion due to a previous head trauma.
We also excluded participants with addictions, psychiatric diseases, or
those undergoing treatments that would affect cognitive function (such
as antidepressants, pain medications, sleep aids, benzodiazepines, etc.).
All of the hypertensive patients were diagnosed by a physician and had a
history of using oral antihypertensive medications based on their medical
records. There were 1007 participants who completed the neuropsycho-
logical tests and personal information questionnaire. Among them, 405
participants (264 females) reported that they were diagnosed with hyper-
tension and 602 participants (358 females) reported no history of hyper-
tension according to their medical records (Table 1). The study was
approved by the institutional review board of Beijing Normal University.

Neuropsychological tests and personal information questionnaire
A group of students trained by professional neuropsychologists per-
formed the neuropsychological tests and the personal information
questionnaire. The Chinese translation of the Mini-Mental State Exam-
ination (MMSE) served as a general cognitive function test. The subse-
quent neuropsychological battery was tested in five cognition domains:
(1) memory, tested by the Auditory Verbal Learning (AVLT-delay recall;
Rosenberg et al., 1984) and the Rey-Osterrieth Complex Figure tests
(ROCEF-delay recall, Tupler et al., 1995); (2) visuospatial ability and at-
tention, tested by the ROCF-copy test (Tupler et al., 1995), the clock-
drawing test (Ishiai et al., 1993), and the Symbol Digit Modalities Test
(SDMT; Sheridan et al., 2006); (3) language, tested by the Category Ver-
bal Fluency Test (Mok et al., 2004) and the Boston Naming Test Knesev-
ich et al., 1986); (4) processing speed, tested by the Stroop Test (Stroop
B-time) and the Trail Making Test A (TMTa); and (5) executive function,
tested by the Trail Making Test B-A (TMTba; Gordon, 1972) and the
Stroop Test (Stroop CB-time; Koss et al., 1984).

The personal information questionnaire included demographic infor-
mation and medical history. Demographic information included age,
gender, and years of formal education. Medical history included ques-
tions on a series of chronic diseases, including hypertension, coronary
heart disease, diabetes mellitus, cerebrovascular disease, chronic bron-
chitis or emphysema, osteoarthritis, and intervertebral disk disease.

MRI studies

Participants

We choose 44 hypertensive patients (21 females) from BABRI to undergo
MRI scanning. All MRI images of the small sample were acquired =1
month after the neuropsychological tests. All of the hypertensive patients
were diagnosed by a physician and had a history of using oral antihyper-
tensive medications. The diastolic and systolic blood pressures were mea-
sured with standard laboratory testing by a specialist physician. The
blood pressures for all patients were controlled below 140/90 mmHg.
The duration of hypertension was defined as the number of years since
diagnosis. The antihypertensive medications included angiotensin re-
ceptor blockers, calcium channel blocker, diuretics, 8 blockers, and com-
pound antihypertensives. All participants had a medical history and
physical examination, during which height, weight, and body mass index
were recorded. Blood samples were collected at Beifang hospital. The
serum total cholesterol, triglyceride, high-density lipoprotein, low-
density lipoprotein, and fasting plasma glucose levels were measured
with an Automatic Biochemistry Analyzer (Olympus AU400) using
commercially available diagnostic kits (Beckman Coulter). Exclusion cri-
teria for the groups were a previous history of chronic disease (including
coronary heart disease, diabetes mellitus, or cerebrovascular disease),
neurological disease (including stroke, dementia, or transient ischemic
attack), and unsuitability for MRI (e.g., due to a pacemaker, prosthetic
heart valve, or claustrophobia). All participants gave written informed
consent to our protocol, which was approved by the ethics committee of
the State Key Laboratory of Cognitive Neuroscience and Learning, Bei-
jing Normal University. All subjects were right handed and native Chi-
nese speakers.
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Table 1. Characteristics of all participants and neuropsychological test results in large sample from Beijing communities

Hypertension (n = 405)

Control (n = 602)

Mean D Mean D Fitlx? p

Age (years) 64.87 6.586 64.46 6.752 0.34 0.732
Education (years) 11.02 3.516 11.27 3.440 —1.04 0.302
Gender (male/female) 141/264 244/358 3.35 0.074
MMSE 2741 2.169 27.89 1.924 8.97 0.003
Executive function

Stroop (B 41.10 18.893 36.93 18.871 6.71 0.010

TMTba 124.83 59.788 112.45 56.194 4.07 0.044
Processing speed

Stroop B-time 40.06 11.051 39.12 12.305 0.04 0.847

TMTa 61.66 23.04 59.81 24138 0.10 0.748
Memory

AVLT-delay recall 5.44 2.525 5.87 2.519 511 0.024

ROCF-delay recall 12.69 6.374 13.57 6.117 1.15 0.283
Language

(ategory Verbal Fluency Test 4420 8.427 44.94 9.027 0.65 0.421

Boston Naming Test 23.10 3.801 2331 3.910 0.02 0.889
Visual-spatial and attention

ROCF-copy 32.85 3.890 33.52 3.490 3.66 0.056

Clock-drawing test 2447 4.127 25.10 3.938 3.53 0.061

SDMT 33.44 10.638 35.21 11.339 3.3 0.073

The comparisons of age and education were performed with independent two-sample t test. The p value for gender was obtained using a x/* test. Neuropsychological assessment differences between the two groups were analyzed with an

ANCOVA, with age, education, gender, and medical history as covariates.

Table 2. Characteristics and neuropsychological test results of MRI study participants

Hypertension (n = 44)

Controls (n = 40)

Mean sD Mean sD Fix? p

Age (years) 64.77 6.605 64.33 5.176 0.34 0.732
Education (years) 10.66 3.065 11.30 2.534 —1.04 0.302
Gender (male/female) 3/ 22/18 0.06 0.830
Fasting plasma glucose 5.16 0.513 5.09 0.730 0.58 0.567
Total cholesterol 5.1 0.902 5.14 0.738 —0.18 0.859
Triglycerides 1.93 2.899 1.60 1.182 0.52 0.604
High-density lipoprotein 135 0.347 1.38 0.351 —0.37 0.716
Low-density lipoprotein 3.07 0.798 3.09 0.765 —0.12 0.903
Body mass index 25.06 2.567 2433 2391 135 0.182
MMSE 26.70 2216 27.80 1.772 5.83 0.018
Executive function

Stroop (B 45.29 22.623 33.69 15.152 6.58 0.012

TMTha 119.82 57.545 96.74 43.440 4.05 0.048
Processing speed

Stroop B-time 43.86 13.135 39.51 12.717 1.73 0.192

TMTa 64.57 31.981 57.53 21390 0.68 0.412
Memory

AVLT-delay recall 332 2.568 4.83 2.531 6.92 0.010

ROCF-delay recall 11.80 7.654 11.25 6.003 0.29 0.591
Language

Verbal fluency 40.57 9.179 44.90 10.293 3.52 0.064

Boston Naming Test 21.89 6.255 23.80 3.532 1.83 0.180
Visual-spatial and attention

ROCF-Copy 31.55 5.593 33.93 2.188 4.94 0.029

Clock-Drawing Test 24.25 5.150 24.15 6.542 0.01 0.921

SDMT 29.36 12.204 35.10 11.993 331 0.073

The comparisons of neuropsychological test were performed with an ANCOVA, with age, education, and gender as covariates. The p value for gender was obtained using a x test.

Forty healthy subjects (18 females) who reported no history of vascu-
lar, psychiatric, or neurological problems were included as an age-
matched and sex-matched control group (Table 2).

MRI data acquisition

MRI data were acquired using a Siemens Trio 3T scanner in the Imaging
Center for Brain Research, Beijing Normal University, and included
high-resolution T1-weighted scans, high-resolution T2-weighted scans,
and fluid-attenuated inversion recovery and resting-state functional
magnetic resonance imaging (rsfMRI) scans. Participants laid supine
with their head snugly fixed by straps and foam pads to minimize head

movement. T1-weighted, sagittal 3D magnetization-prepared rapid gra-
dient echo sequences were acquired and covered the entire brain [176
slices; repetition time (TR) = 1900 ms; echo time (TE) = 3.44 ms; slice
thickness, 1 mm; flip angle, 9° inversion time, 900 ms; field of view,
256 X 256 mm?; acquisition matrix, 256 X 256]. Resting-state data were
collected using a gradient echo EPI sequence (TE = 30 ms; TR = 2000
ms; flip angle, 90°; 33 slices; slice thickness, 4 mm; matrix, 64 X 64). DTIs
were acquired using a single-shot EPI sequence [coverage of the whole
brain; 2 mm slice thickness with no interslice gap; 70 axial slices; TR =
9500 ms; TE = 92 ms; flip angle, 90°% 30 diffusion directions with b =
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1000 s/mm? and an additional image without diffusion weighting (i.e.,
b =0s/mm?); acquisition matrix, 128 X 128; field of view, 256 X 256
mm?; averages, 3].

Rest-fMRI data processing

Preprocessing. For each participant, the first 10 volumes were discarded to
allow the participants to adapt to the magnetic field. Functional data were
preprocessed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm) and Data
Processing Assistant for Resting-State fMRI (http://www.restfmri.net/
forum/taxonomy/term/36), including slice timing, within-subject inter-
scan realignment to correct possible movement, spatial normalization to
a standard brain template in the Montreal Neurological Institute (MNI)
coordinate space, resampling to 3 X 3 X 3 mm?, and smoothing with an
8 mm full-width half-maximum Gaussian kernel. In addition, rsfMRI
data were processed with linear detrending, 0.01-0.08 Hz bandpass fil-
tering, and regression correction for nuisance covariates including six
motion parameters, the global mean signal, the white matter signal, and
the CSF signal.

Independent component analysis. We performed an independent com-
ponent analysis (ICA) using the group ICA toolbox (GIFT version 2.0e;
http://mialab.mrn.org/software/gift/) with 25 independent components
separately estimated for each group. There are three main stages: (1)
principal component analysis was performed for each subject for data
reduction, (2) application of the ICA algorithm, and (3) back reconstruc-
tion for each individual subject (Calhoun et al., 2001). The best-fit com-
ponents for the left FP (LFP) network, right FP (RFP) network, and
DMN were identified by visual inspection. Based on the previous studies,
the bilateral FP networks and DMNs are particularly relevant with cog-
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Hypertension

Group ICA estimated resting-state patterns grouped as the LFP network, RFP network, and DMN in each group (color-coded ¢ value).

nitive impairments (Sorg et al., 2007; Sun et al., 2011). For each network,
ANCOVA tests were used to compare FC z values to determine the sig-
nificance of between-group differences [q < 0.05, false discovery rate
(FDR) corrected].

DTI data processing
Imaging preprocessing. Preprocessing of the imaging data consisted of
three steps. First, eddy current distortions and motion artifacts were
corrected by applying affine alignment of each diffusion-weighted image
to the b = 0 image using Functional Magnetic Resonance Imaging of the
Brain’s (FMRIB’s) Diffusion Toolbox [FDT; FMRIB Software Library
(FSL) 4.1.4; www.fmrib.ox.ac.uk/fsl]. The first volume of the diffusion
data without a gradient applied (i.e., the b = 0 image) was then used to
generate a binary brain mask using the Brain Extraction Tool. Finally,
DTI fit was used to independently fit a diffusion tensor to each voxel. The
output of DTI fit yielded voxelwise maps of fractional anisotropy (FA)
and mean diffusivity (MD). Then, to allow for atlas-based analysis, DTI
images of native space were registered to a standardized template in MNI
using FLIRT (FLRIB’s Linear Registration Tool) command of FSL.
Atlas-based quantification at the tract level. To investigate the diffusion
changes in several specific tracts, we adopted the atlas-based segmenta-
tion strategy, and a widely used white matter tractography atlas, the Johns
Hopkins University (JHU) White Matter Atlas (cmrm.med.jhmi.edu/),
was applied. We calculated the regional diffusion metrics by averaging
the values in each region of the atlas in the standard space. The JHU
White Matter Atlas contains 20 major white matter fiber tracts in the
brain: the anterior thalamic radiation, the corticospinal tract, the cingu-
lum, the cingulum (hippocampus part), the forceps major, the forceps
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minor, the inferior fronto-occipital fasciculus, the inferior longitudinal
fasciculus, the superior longitudinal fasciculus (SLF), the uncinate fas-
ciculus, the uncinate fasciculus, and the temporal part of SLF. Average
values of FA and MD were computed for these major tracts in each
participant.

Mediation analysis

The mediation analyses were used by the Hayes Process macro (Hayes,
2013; http://www.afhayes.com/). This macro runs a series of ordinary
least-squares regressions with the centered product term. In these regres-
sions, the independent factor was white matter integrity, the dependent
variable was the cognitive measure that showed significant group differ-
ences, and the proposed mediator was the FC of the five ROIs that also
showed a significant group effect. These regressions also included the
direct model of white matter on cognition, and the mediation terms (FC
of left networks) to determine whether it played an important role in
governing the association between white matter and cognition. Media-
tion analyses controlled for age, gender, and education. Statistical signif-
icance was set at 0.05 and SPSS versions 17.0 were used for all analyses.

Statistical analysis

Neuropsychological assessment differences between the two groups were
analyzed with the ANCOVA, with age, education, gender, and medical
history as covariates from sample of 1007 subjects. Partial correlation
analyses were performed separately for the hypertensive and control in-
dividuals to explore the relationship between white matter integrity (or

FC of networks) and neuropsychological performance, with age, educa-
tion, and gender as covariates from MRI scan sample. These associations
were significant if p was <0.05. All statistical analyses were performed
using SPSS version 17.0 for Windows.

Results

Neuropsychological characteristics of the large sample

In the large sample, there were no significant differences in age,
years of education, and gender (p > 0.05). The hypertensive
patients had worse performance of executive function (Stroop
CB, F=6.71,p = 0.010; TMTba, F = 4.07, p = 0.044), memory
(AVLT, F = 5.11, p = 0.024), and MMSE (F = 8.97, p = 0.003)
compared with controls. Although other cognitive domains re-
vealed no difference between groups, we found a trend for cog-
nitive decline in the patients (Table 1).

Selectively altered RSN in patients with hypertension

To investigate the pattern of the intrinsic FC of hypertension
patients, the best-fit components for the LFP networks, RFP net-
works, and DMNs were obtained by the ICA group (Fig. 1). We
performed an ANCOVA test on each of the three RSN contrast-
ing the individual, back-reconstructed independent component
patterns of both groups. Age, gender, and education were consid-
ered as covariates. The LFP network revealed a significant group
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component analysis (x = —33,y = —57,z = 45). Patients and controls are plotted separately. Hypertension is plotted in red and controls in blue circles.

difference [p (FDR-corrected for multiple comparisons) <0.01].
In the right inferior parietal lobe, left precuneus, and left angular
areas of the LFP networks, associated independent component
patterns demonstrated reduced connectivity in patients with hy-
pertension. Meanwhile, in the left inferior parietal lobe and left
triangle inferior frontal gyrus areas, increased connectivity was
detected in the patient group (Fig. 2). None of the ANCOVA tests
on the RFP networks and DMNs revealed a significant group
difference [p (FDR-corrected for multiple comparisons) <0.01].

FP network FC is correlated with behavior

Greater FC within the RSNs may allow for more efficient network
function (Davies et al., 2011). To investigate this possibility, we
tested whether variability in the LFP network FC at “rest” pre-
dicted cognitive performance. We examined the relationship be-
tween FC of different regions and cognitive behavior. The results
showed that only the FC of the left inferior parietal lobe is signif-
icantly correlated with TMTba (r = —0.456, p = 0.002; Fig. 3A),
SDMT (r = 0.371, p = 0.013), and verbal fluency (r = 0.335, p =
0.026) in the hypertensive group. There was no significant corre-
lation in the control groups.

Group comparisons of atlas-based tract ROIs

Compared with controls, hypertension patients showed signifi-
cantly reduced FA across several white matter regions, including
right anterior thalamic radiation (F = 6.34, p = 0.014), left cin-
gulum cingulated gyrus (F = 5.91, p = 0.017), forceps major (F =
6.87, p = 0.011), left SLF (F = 10.45, p = 0.002), and right SLF
(F = 11.09, p = 0.001). Hypertension patients showed signifi-
cantly increased MD across several white matter regions, includ-
ing bilateral anterior thalamic radiation (left, F = 7.37, p = 0.008;
right, F = 8.00, p = 0.006), bilateral corticospinal tract (left, F =
6.58, p = 0.012; right, F = 5.70, p = 0.019), forceps major (F =
5.73, p = 0.019), forceps minor (F = 6.21, p = 0.015), right
inferior fronto-occipital fasciculus (F = 8.00, p = 0.006), and
bilateral SLF (left, F = 7.37, p = 0.008; right, F = 11.50, p = 0.001;

Fig. 4). FDR correction was used for multiple comparisons (g <
0.05). Age, education, and gender were covariates.

White matter structure correlates with FP network
connectivity

FA in the left SLF was positively correlated with left inferior pa-
rietal lobe FC (r = 0.68, p = 0.001), corrected for multiple com-
parisons in hypertension (Fig. 3B). Therefore, patients with more
disrupted white matter integrity showed less FC within the LFP
network. There was no significant correlation in controls.

Mediation analysis

In the mediation analysis, the independent factor was white matter
integrity, which showed significant group differences (such as the
anterior thalamic radiation, cingulated gyrus, forceps major, and
SLF), and the dependent variables were cognitive measures that
showed significant group differences, such as Stroop CB and
TMTba. The proposed mediator was the FC of the LFP network,
which showed significant hypertension effects in the above ¢ test
analyses. As shown in Figure 5, mediation analysis indicated that the
FC of left inferior parietal in LFP networks mediates the effect of FA
of left SLF variants on TMTba (Z = —2.0136, p = 0.0440; Fig. 5).

Discussion

The study assessed the effects of hypertension on cognitive per-
formance in a large sample from the Beijing community. Cogni-
tively, hypertensive patients mainly showed decreased execution
functions compared with the controls in the large sample. To
investigate the neural mechanisms of the cognitive deficits, we
studied the key cognitive brain networks, including LFP net-
works, RFP networks, and DMNs. In the LFP networks, there
were obvious abnormal patterns of FC in hypertensive patients.
The important finding was that the SLF, which interconnects the
FP networks, showed changed white matter integrity. More in-
terestingly, the mediation analysis indicated that reduced FA in
left SLF may influence cognitive decline via the alteration of the
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Figure 5.  Mediation model illustrating the direct effect of FA left SLF on FC left inferior
parietal lobe (IPL), the direct effect of FA left SLF on reaction times (RTs) of TMTba, the direct
effect of FCleft IPL on RTs of TMTha, and the mediating effect of FC on the association between
FA left SLF and RTs of TMTba (i.e., effect of FA on TMT mediated through the effect of FA on FC
left IPL). As indicated by the regression coefficients and the p values, there was significant
mediating effect of FC on the association between FA and TMT performance.

LFP network in hypertensive patients. Together, these results
suggested that hypertension targets a specific pattern of cognitive
declines and microstructural changes, which may help us under-
stand why hypertension is a potential risk factor for dementia and
cognitive decline.

There are many large population-based databases focused on
the hypertension-related cognitive deficits over the world. These
include the Framingham Heart Study (Ishihara et al., 2002), the
Honolulu-Asia Aging Study (Bachoud-Lévi et al., 2000), the
Kungsholmen Study (Hoffmann and Meyer, 2000), and the Rot-
terdam Scan Study (Rosenthal et al., 1999). These large-sample
studies suggested that there is a decline in the ability to perform
executive function (Hamanaka and Ohigashi, 1979; Lausberg et
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al., 1999) in hypertensive patients. There
are a few large-sample studies about
hypertension-related cognitive decline in
patients of Han ethnicity (Lechevalier et
al., 1977). However, the neuropsycholog-
ical assessments only include general cog-
nitive ability and memory tests.

Our results demonstrate that the hyper-
tensive patients show decreased execution
functions compared with the normotension
patients, which is consistent with previ-
ous studies. We also found that there was
a lower performance on one of the verbal
memory tests in hypertensive patients.
However, the photographic memory in hy-
pertensive patients remained intact. The re-
sults also indicated that memory deficits
were not very obvious in hypertensive pa-
tients. Hypertension was related to worse
executive ability scores, which confirms the
specific link between vascular disease and
executive function and attention.

Based on the previous studies and our
neuropsychological results, executive func-
tion and verbal memory are vulnerable in
hypertension. Thus, we mainly focused on
the LFP networks, the RFP networks, and the DMNs, which are
related to these cognitive domains. There is a significant disrup-
tion in the LFP network between hypertension and controls un-
der FDR correction. The number of studies on brain FC in
patients with hypertension was very limited. Liang et al. have
found that intrinsic functional network connectivity is signif-
icantly correlated with blood flow in healthy adults. Highly
connected functional hubs require high metabolic support
(Liang et al., 2013). Blood flow could be influenced by the
changed vasculature in hypertension. Thus, the neuronal
changes, vascular changes, or both types of changes are poten-
tially of physiological significance to the functional network
changes in hypertension.

Several lines of evidence suggest that the FP network investi-
gated here plays a vital role in executive function, attention con-
trol, and working-memory processing (Leech et al., 2011), which
is consistent with our neuropsychological results. First, it in-
cludes the frontal and parietal regions, which are activated by
executive function-related tasks (Jennings et al., 1998; Niendam
et al., 2012). Second, previous studies have reported that these
regions are susceptible in hypertensive patients. Gray matter vol-
ume shrinkages (Gianaros et al., 2006) and reduced regional ce-
rebral blood flow activation (Jennings et al., 1998; Gamalo et al.,
2005) in these areas are common symptoms in hypertensive pa-
tients, even with successful control of blood pressure. Finally, the
frontoparietal network overlaps considerably with brain regions
targeted by stroke (Verma et al., 2004) and dementia (Tsioufis et
al., 2006; Assmus et al., 2007), the quintessential disorder of ex-
ecutive function and attention.

Moreover, the differences were only found in the left hemi-
sphere. The hemispheric differences may reflect subtle executive
impairment. The left frontal activation was observed during the
updating of the cognitive set, while right frontal activation was ob-
served during the negative-feedback set (Delbeuck et al., 2003),
which is more related with the reward system. However, previous
studies rarely reported that hypertensive patients have reward sys-
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tem deficits. Thus, FP network asymmetry in hypertensive patients
may represent differences in executive dysfunction.

Though there was also no significant difference in the DMNs
between the two groups under FDR correction, under uncor-
rected conditions (p < 0.001) the right precuneus and left middle
temporal gyrus showed significant differences. The DMN is im-
portant for episodic memory and social cognition (Leech et al.,
2011), and is vulnerable to structural and functional deficits in
dementia (Sugishita and Toyokura, 1978). Combining the evi-
dence of cognitive deficits, the faint changes in DMN in hyper-
tensive patients may suggest that hypertension is a harbinger of
dementia. One previous study has demonstrated that head mo-
tion significantly affects measures of voxel-based or ROI-based
FC (Van Dijk et al., 2012). Unlike voxel-based or ROI-based
connectivity analyses, ICA is a data-driven approach, which is
known for its ability to find noise-related components that rep-
resent head motion, physiological noise, eyeball movement, and
other signal artifacts (Stevens et al., 2007).

Above all, hypertension mainly affects the LFP network and
related cognitive domains. The alterations of FC in hypertensive
patients seem to be very similar to those of vascular-related dis-
eases (Corbetta et al., 2005; He et al., 2007).

In our study, decreased FA and increased MD of the left SLF,
connecting the areas of FP networks, were found in hypertensive
patients. Anatomically, the SLF overlaps with the parietal and the
prefrontal components of the network (van den Heuvel et al.,
2009a), which facilitates direct communication among these ar-
eas. SLF is especially important as it addresses higher-level cog-
nitive functions and brain diseases. Our results suggest that the
disrupted white matter integrity of the SLF could not enable
information to travel quickly between the frontal and parietal
regions.

Investigating white matter microstructural changes is vital to
understanding the importance of hypertension in the occurrence
of dementia and stroke (Salat et al., 2012). Reduced FA values in
the SLF appeared in patients after stroke, which were correlated
with a decreased ability to repeat spoken language (Lavados et al.,
2002). Zarei et al. found that compared with AD, vascular de-
mentia (VaD) showed reduced FA, mainly in the SLF and forceps
minor, illustrating how the nature and pattern of white matter
tracts could be identified as a biomarker to differentiate VaD
from AD (Nyffeler et al., 2003). Vascular injury may result in
major white matter tract impairment (Godin et al., 2011; Mail-
lard et al., 2012; Salat et al., 2012) and would reduce the efficacy of
inter-regional neural communications (Kraut et al., 2008).

Though the right SLF was also impaired, there was no signif-
icant difference in RFP networks between hypertension and con-
trol patients. The impact of hypertension on the brain began
from the left to right hemisphere. Generally, the left hemisphere
of the brain is specialized for language abilities (Sugishita, 1979),
and speech problems are very common in vascular disease (Or-
rison and Robertson, 1979); therefore, the left hemisphere is vul-
nerable in hypertension (Hrbek, 1979). Thus, when the white
matter deficits were aggravated, the FC within the left hemisphere
tended to change early.

Elaborating the relationships among white matter, FC, and
cognitive function is very helpful to understand the neural mech-
anism of cognitive decline in hypertension. Based on the medi-
ated analysis, we found that differences in FC in the LFP networks
mediated SLF integrity reductions in executive function.

This neural model may describe why executive function im-
pairment is very common in hypertension. As white matter dis-
ruption within SLF increased, the FP network was disrupted. The
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network could not integrate ongoing information from anatom-
ically separate frontal and parietal regions very efficiently. Con-
nectivity between frontal and parietal cortices appears to be
critical for executive function (Rubens et al., 1977). Thus, execu-
tive function impairment is most common in hypertension.

Generally, previous studies have shown that reduced white
matter integrity was significantly related with cognitive decline in
healthy people and patients with vascular risks (O’Sullivan et al.,
2005; Quinque et al., 2012; Caeyenberghs et al., 2014). The white
matter changes may be very susceptible to hypertension. Early
hypertension may result in the reduced integrity of white matter,
even in midlife (Maillard et al., 2012). Gradually, hypertension
also affects FC and cognitive ability. These results could explain
how SLF integrity reductions influence the FC dysfunction and
cognitive impairment in hypertensive patients.

Based on our results and a number of observations, there is a
new view that reducing peripheral blood pressure typically fails to
reverse the changes in brain function and structure (Jennings and
Zanstra, 2009). Such patients are very susceptible to developing
dementia. Thus, studies that evaluated the relationship between
antihypertension treatment and dementia have yielded inconsis-
tent results (Bautista, 2006; Shantha et al., 2009; Jiang et al.,
2014).

Limitations

Our study has several limitations. First, before patients were di-
agnosed with hypertension, the white matter may have been af-
fected by fluctuations in blood pressure (Maillard et al., 2012).
However, this effect cannot be assessed accurately before diagno-
sis. Second, because the subjects were all from the community,
their blood pressure could not be closely monitored in both
mornings and evenings.

Conclusions

In summary, our results showed cognitive deficits, the associ-
ated white matter integrity reduction of SLF, and the FC alter-
ation in the LFP network in the hypertension patients. Though
additional studies are needed to further assess the neural
mechanisms of hypertension-related cognitive decline even
with orally reported blood pressure stably controlled, we sup-
port early intervention for hypertension and the need for ad-
ditional means of neuroprotection.
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