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ABSTRACT 
 

Effect of hypertension on the resting-state functional connectivity     

in patients with Alzheimer’s disease 

 
Sang Joon Son 

 
Department of Medicine  

The Graduate School, Yonsei University  
 

(Directed by Professor Byoung Hoon Oh) 
 
Background: Although hypertension (HTN) is well known to be a risk factor for 

Alzheimer’s disease (AD), the effects of HTN on brain function in AD patients are not 

well understood. We investigated alterations in resting-state functional connectivity 

according to the presence of HTN in AD patients by using a method of correlation 

analysis based on a seed region in the posterior cingulate cortex (PCC). We also 

determined whether differences in resting-state connectivity were associated with gray 

matter (GM) atrophy. 

 

Methods: Thirty-seven AD patients (18 with HTN group and 19 with non-HTN) 

underwent the resting-state functional magnetic resonance imaging. We obtained the 

posterior cingulate cortex (PCC) maps by a temporal correlation method, to identify 

alterations in the functional connectivity of the PCC in HTN group relative to non-HTN 

group. A temporal correlation method was used to build PCC connectivity maps. 

Voxel-based morphometry analysis was also applied to adjust the confounding effect of 

GM atrophy. 

 

Results: We detected a decreased connectivity to the PCC in the regions of subgenual 

anterior cingulated cortex (ACC) in HTN group relative to non-HTN group. However, 
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we observed a pattern of increased connectivity between the PCC and the left inferior 

parietal cortex (IPC) in HTN group. After correction for GM atrophy, all detected 

regions still remained significant. 

 

Conclusion: The decreased subgenual ACC and increased left IPC connectivity to the 

PCC seen in AD patients with HTN suggests the possibility that HTN impairs 

resting-state functional connectivity of the AD brain, inducing a compensational process 

outside the impaired networks. This finding may account for an additional contribution 

of HTN to the pathophysiology of AD. 

 
 
 

 

 

 

 

 

 

 

 

 
 
 
 
---------------------------------------------------------------------------------------- 
Key words : Alzheimer’s disease, hypertension, resting-state functional 
MRI, functional connectivity 
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(Directed by Professor Byoung Hoon Oh) 
 

 
I. INTRODUCTION 

 

Although hypertension (HTN) is well known to be a risk factor for vascular 

dementia,1-2 recent findings have highlighted the role of HTN in the 

pathogenesis of Alzheimer’s disease (AD).3-4 The most common explanation is 

that HTN may increase the risk of AD possibly through small vessel disease, 

ischemia, oxidative stress, and inflammation.2,4 However, the effects of HTN on 

the brain structure and function, and especially alterations in the resting-state 

functional connectivity, in AD patients are currently not well understood. 

Resting-state functional magnetic resonance imaging (fMRI) assessment has 

focused primarily on a characteristic set of brain regions, including the posterior 

cingulate cortex (PCC)/precuneus, lateral temporal and parietal cortex, and the 

hippocampus and medial prefrontal cortex (MPFC), which is deactivated during 

a broad range of cognitive tasks and is believed to support a default mode 

activity of the human brain (i.e., default mode network, DMN).5 In several 

resting-state fMRI studies of AD patients, dissociation of the resting-state 

functional connectivity associated with the PCC were reported.6-8 It is believed 

that the PCC serves a critical role in resting-state functional connectivity,6 and 

decreased PCC activity in AD patients reflects decreased connectivity with 

other DMN structures, such as the hippocampus, the MPFC and the precuneus, 
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which are the regions targeted by AD pathology.9-10 These AD-associated 

changes suggest a potential role for resting-state fMRI as a noninvasive tool to 

detect biomarkers of AD.6-8 

  On the basis of the above studies, we hypothesized that the resting-state 

functional connectivity might be correlated with the presence of HTN in AD 

patients. Therefore, we investigated alterations in resting-state functional 

connectivity according to the presence of HTN in AD patients by using a 

method of correlation analysis based on a seed region in the PCC. We also 

determined whether differences in resting-state connectivity were associated 

with gray matter (GM) atrophy by conducting a voxel-based morphometry 

(VBM) analysis. 

 

 

II. MATERIALS AND METHOD 

 

1. Subjects 

 

We retrospectively analyzed the data for patients who visited the Dementia 

Clinic at Severance hospital, Seoul, South Korea, from January 2010 through 

December 2011. Thirty-seven subjects (18 HTN group and 19 non-HTN group 

subjects) met the Diagnostic and Statistical Manual of Mental Disorders, 4th 

Edition (DSM-IV) criteria for dementia of the Alzheimer’s type,11 and the 

National Institute of Neurological and Communicative Disorders and 

Stroke/AD and Related Disorders Association (NINCDS-ADRDA) diagnostic 

criteria for probable AD.12 All subjects were right-handed. AD patients were 

diagnosed by at least two veteran geropsychiatric doctors. None of the subjects 

presented with any of the following exclusion criteria: (1) a history of 

significant hearing or visual impairment that would render participation in the 

interview difficult; (2) neurological disorders (e.g., territorial infarction, 
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intracranial hemorrhage, brain tumor, and hydrocephalus); (3) psychiatric 

disorders (e.g., schizophrenia, major depressive disorder, bipolar disorder, or 

mental retardation,); (4) history of use of psychotropic medications or 

psychoactive substances other than alcohol; (5) physical illnesses or disorders 

that could interfere with the clinical study, such as cardiac diseases, respiratory 

illnesses, uncontrolled diabetes, malignancy, hepatic diseases and renal diseases; 

or (6) severe white matter changes thought to confound the diagnosis of AD and 

cause the heterogeneity of the sample.13-14 None of the patients with AD was 

currently receiving treatment with cholinesterase inhibitors or had ever taken 

any of these medications. This study was approved by the participating center’s 

institutional Review Boards. 

 

2. Clinical evaluation 

 

The presence of HTN was defined when a participant had been diagnosed by 

their physician or had been taking antihypertensive medication(s). All subjects 

with HTN included in the study were taking antihypertensive medication over at 

least 1 year and their HTN was considered to be controlled. The patients’ 

Clinical Dementia Rating (CDR)15 scores ranged between 0.5 and 2, and their 

Mini Mental State Examination (MMSE)16 scores fell within the range of 12–27 

(Table 1).  

 

3. Data acquisition 

 

Functional MR images were acquired on a 3.0-T scanner (Intera Achieva; 

Philips Medical Systems, Best, The Netherlands) with an eight-channel 

sensitivity encoding (SENSE) head coil. The data were collected using the 

following gradient echo echo planar imaging (EPI) sequence: repetition time 

(TR) = 2000 ms; echo time (TE) = 30 ms; flip angle = 90°; field of view (FOV) 
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= 22 cm; 80 x 80 matrix with 2.75 x 2.75 x 3 mm spatial resolution, 31 axial 

slices and slice thickness = 3 mm. High-resolution anatomical datasets were 

obtained using a 3D T1-turbo field echo (TFE) (TR = 9.9 ms; TE = 4.6 ms; flip 

angle = 8°; FOV = 22 cm; 224 x 224 matrix with 0.98 x 0.98 x 1 mm spatial 

resolution; 220 coronal slices and slice thickness = 1 mm). 

 

4. Data analysis 

 

Functional MRI data were preprocessed using the Analysis of Functional 

Neuroimage (AFNI) program.17 The first three time points in all time series data 

were discarded to allow for T1 equilibrium effects. The rest of the data were 

obtained with slice-timing correction, motion correction of all slices within a 

volume, and mean-based intensity normalization in order to convert the data 

from arbitrary intensity units to units of percent signal modulation. Further 

processing included spatial smoothing (Gaussian filter with 8 mm full-width at 

half-maximum). Spatial normalization was performed to transform into 

Talairach space using the Montreal Neurological Institute (MNI) N27 template 

provided in AFNI (bilinear interpolation, spatial resolution: 2 mm × 2 mm × 2 

mm). 

  The assessment of cortical networks was performed using a seed-based 

correlation approach. Preprocessed fMRI data were temporally band-pass 

filtered (0.01–0.08 Hz) to reduce low frequency fluctuation in the BOLD signal 

for functional connectivity analysis.18 Reference time series were extracted by 

averaging time series from voxels in the subject-specific regions of interests 

(ROIs) within the bilateral PCC. Functional connectivity maps of the region 

were obtained by correlation analysis conducted using reference time series and 

time series from the whole brain using a voxel-wise approach. Correlation 

coefficients were then converted to Z-values, using Fisher’s Z transformation. Z 

scores represent the functional connectivity strength at the seed region.  
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Group-level differences in connectivity maps were also analyzed using the t-test 

and the threshold for the interpretation was a two-tailed threshold of p<0.001, 

with false discovery rate correction.  

  Structural data were analyzed with FMRIB's software library (FSL)-VBM, 

which allows for voxel-based morphometry style analysis.19-20 Structural images 

were brain-extracted using BET21 and tissue-type segmentation was conducted 

using FAST4.22 The resulting grey-matter partial volume images were then 

aligned to MNI 152 standard space using the affine registration tool FLIRT,23-24 

followed by nonlinear registration using FNIRT,25-26 which uses a B-spline 

representation of the registration warp field.27 The resulting images were 

averaged to create a study-specific template, to which the native gray matter 

images were then non-linearly re-registered. The registered partial volume 

images were then modulated (to correct for local expansion or contraction) by 

dividing by the Jacobian of the warp field. The modulated segmented images 

were then smoothed with an isotropic Gaussian kernel with a sigma of 3 mm. 

Finally, the group analysis results were obtained and a statistical significance 

threshold of p<0.025 with false discovery rate correction was defined. In the 

voxel-based analysis, between group differences in resting-state fMRI were 

tested by entering the GM maps as voxel-wise covariates using biological 

parametric mapping.28 Significance was set at p<0.001 with false discovery rate 

correction. The effect of GM atrophy on between group differences in mean 

connectivity values was tested by repeating the analysis after controlling for 

total GM volume. 

 

 

III. RESULTS 

 

1. Demographic characteristics 
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Demographic and clinical characteristics are described in Table 1. No 

significant differences in gender, CDR, age, educational level, or MMSE score 

were noted between the HTN and non-HTN groups (categorical variables: 

Chi-square test; continuous variables: Mann-Whitney U test; statistical 

significance: p<0.05). 

 

 

Table 1. Demographic and clinical characteristicsa 

 AD w/o HTN 
(n=18) 

AD w/ HTN 
(n=19) 

Median age in years (min, max) 74.0 (66.0, 84.0) 72.0 (66.0, 85.0) 

Male/female (n) 10/8 8/11 

Median education in years (min, 

max) 
6.0 (0, 16.0) 6.0 (0, 16.0) 

Median MMSE (min, max) 21.5 (12.0, 26.0) 20.0 (12.0, 27.0) 

CDR (n)   

0.5 5 5 

1 11 11 

2 2 3 
a No significant between-group differences in gender, age and educational level, 
MMSE score, and CDR (statistical significance: P<0.05) Abbreviations: AD w/ 
HTN=Alzheimer’s disease with hypertension; AD w/o HTN=Alzheimer’s 
disease without hypertension; MMSE=Mini Mental Status Examination; 
CDR=Clinical Dementia Rating. 
 

 

2. PCC connectivity: within group analyses 

 

Within-group analysis revealed regions with connectivity to the PCC in each of 

groups, and these two intragroup maps appeared to be similar (Fig. 1). Primary 
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regions involved in the network in both groups include the ventral MPFC, the 

bilateral hippocampus, the inferior temporal cortex, the cuneus/precuneus, and 

the inferior parietal cortex. These regions coincide with regions underlying the 

known default mode network.29-31  

 

 

 
Figure 1. Intragroup maps of the resting-state connectivity based on the seed of 
the PCC in A) AD patients without HTN group, and B) AD patients with HTN 
group. Regions of significant connectivity were imposed using the Montreal 
Neurological Institute template (p<0.001, false discovery rate correction). 
Orange indicates increased connectivity to the PCC and blue color indicates 
decreased connectivity to the PCC. Abbreviations: PCC=posterior cingulate 
cortex; AD=Alzheimer’s disease; HTN= hypertension. 
 

 

3. PCC connectivity: between group analyses 

 

Between-group analyses revealed the between-group difference in PCC 

connectivity. Decreased connectivity to the PCC was detected in the regions of 

left subgenual anterior cingulate cortex (ACC) in HTN group relative to 
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non-HTN group. Conversely, a pattern of increased connectivity to the PCC in 

the left inferior parietal cortex (IPC) was observed in HTN group (Table 2). 

 

 

Table 2. Main regions with significantly altered connectivity to the PCC in AD 

patients with HTNa 

Between-group comparison and 
region 

Talairach 
coordinate Peak t 

score 

No. of 
cluster 
voxels x y z 

Increased connectivity to PCC                                                                        

Left inferior parietal cortex -57 -49 34 4.52 496 

Decreased connectivity to PCC                                                                        

Left subgenual anterior cingulate 
cortex 

-3 17 -2 4.16 152 

a Thresholds were set at p<0.001, false discovery rate corrected. Abbreviations: 
PCC=posterior cingulated cortex; AD=Alzheimer’s disease; HTN= 
hypertension. 

 

 

4. GM atrophy and resting-state connectivity alteration after GM atrophy 

correction  

 

Compared to AD patients without HTN, AD patients with HTN were found to 

have broader areas showing significant GM loss in the PCC/precuneus, the 

ACC, the left inferior frontal gyrus, the right temporal pole, and the left middle 

temporal gyrus (Fig. 2).  
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Figure 2. Gray matter atrophy analysis through voxel-based morphometry 
(VBM) in AD patients with HTN compared to AD patients without HTN. VBM 
results are shown at the statistical threshold of p<0.025 with false discovery rate 
correction. Results are shown using the Montreal Neurological Institute template 
in neurological convention. A) right temporal pole; B) left middle temporal 
gyrus; C) precuneus; D) right anterior cingulate cortex; E) left posterior 
cingulate cortex; F) left inferior frontal gyrus. Abbreviations: AD=Alzheimer’s 
disease; HTN= hypertension. 

 

 

We adjusted GM atrophy for the between-group analysis of resting-state 

network comparisons and found that the regions showing significant differences 

before the adjustment still remained significant in AD patients with HTN versus 

without HTN, suggesting that alterations in resting-state network were not 

solely accounted for the more brain atrophy seen in HTN group (Fig. 3). 
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Figure 3. Location of regions demonstrating decreased A) left subgenual anterior 
cingulate cortex and increased B) left inferior parietal cortex resting-state 
connectivity to the PCC in AD patients with HTN. Clusters with significant 
differences are overlapped in the Montreal Neurological Institute template 
(p<0.001, false discovery rate correction) and adjusted by gray matter atrophy in 
AD patients with HTN compared to AD patienst without HTN. Abbreviations: 
PCC=posterior cingulated cortex; AD=Alzheimer’s disease; HTN= 
hypertension. 

 

 

IV. DISCUSSION 

 

We investigated the functional connectivity of the major anterior and posterior 

brain resting-state networks in AD patients according to the presence of HTN. 

Our findings show that: (1) HTN in AD patients was associated with opposing 

connectivity effects in the subgenual cingulate cortex (decreased) and the 

inferior parietal cortex (enhanced) for resting-state PCC connectivity; and (2) 

GM volume loss might accentuate resting-state fMRI differences between AD 

patients with HTN and those without HTN, but could not solely account for the 

differences. With these results together with previous literature on the topic, we 
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propose a framework where the limited functional resource of anterior 

resting-state connectivity in AD patients with HTN may be paralleled by  

increased—albeit finally ineffective—posterior resting-state connectivity, which 

might have an adaptive role in that it limited the clinical consequences of tissue 

damage associated with pathological contribution of HTN. 

The ACC is known as an important hub between health-relevant 

psychological constructs and cardiovascular-autonomic reactions to stress.32 

Especially, the subgenual ACC is the the most active region associated with 

emotional valence status (i.e. pleasant and unpleasant mood).33-34 Related 

evidence indicates that the subgenual ACC is activated when healthy volunteers 

rest passively,5 a behavioral state during which individuals focus frequently on 

autobiographical thoughts and memories.35 Conversely, accumulating evidence 

suggests that the subgenual ACC is deactivated during the performance of 

demanding cognitive tasks that require an external focus of attention.36-37 Such 

deactivation may be an indicator of the degree to which affective processing is 

inhibited.29 In reference to this, some studies have suggested that subgenual 

ACC dysfunction might disturb stress-related neuroendocrine responses and 

reward-related mesolimbic dopamine function.38 Disordered interactions 

between the subgenual ACC and other brain structures could potentially result 

in the impairment of affective processing that was seen in mood disorders.39-40 

In light of this evidence, our findings suggest that AD patients with HTN may 

lack the ability to cope with emotional stress and may be more susceptible to 

affective symptoms. Indeed, HTN has been reported as a contributable risk 

factor for depression among the elderly, irrespective of other medical 

conditions.41 However, relatively little is known about the relationship between 

affective symptom and HTN in AD patients. Therefore, additional studies that 

explore the differences in symptomatic phenotypes among AD patients, 

according to the presence of HTN in AD, will be necessary to confirm our 

finding and their implications.  
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On the other hand, we found that, while deficits in connectivity might be 

extended with dementia progression, enhanced connectivity to the PCC 

occurred simultaneously in AD patients with HTN, mainly in the left IPC. The 

enhanced spatiotemporal interaction with the PCC may be thought of as 

compensation for the disrupted resting-state connectivity with the anterior 

portion. In several AD studies, increased PCC functional connections were also 

reported to be primarily in the left frontal-parietal cortices.6-7,42 These regions, 

supposed to be impaired later, may be recruited preferentially to compensate for 

damage incurred earlier. Another interpretation is that the brain, which 

demonstrates plasticity after damage to the original neural networks, is 

remolding. Previous investigators reported that earlier changes predominantly 

lateralized to the left hemisphere in AD patients, both metabolically and 

structurally.6,43-46 We might therefore predict that the connectivity for remolding 

began from the left side and extended dynamically along with the advance of 

AD. 

Another intriguing finding of this study is that functional connectivity 

altrations in AD patients with HTN are independent of GM atrophy in these 

patients. Volumetric MRI studies have shown that elevated systolic pressures in 

untreated hypertensive and cognitively normal elderly patients correlated with 

decreased gray matter volumes in the superior frontal, anterior cingulate, and 

temporal gyri associated with memory and executive function.47 Consistently, 

we found that greater atrophy occurred in the temporal, frontal and cingulate 

lobes in AD patients with HTN relative to those without HTN. These results 

suggest that HTN may alter brain structure that are critical for higher cognitive 

functions and which are targeted by AD pathology.42,48 Moreover, we found 

decreased subgenaul cingulate and increased parietal connectivities to the PCC 

in AD patients with HTN. This result remained significant even after controlling 

for GM volumes. Together with the results of previous PET49 and fMRI50 

studies that showed excessive hypometabolism or a more altered functional 



15 

 

connectivity relative to atrophy, our result suggests that there exists a certain 

mechanism underlying a genuine functional perturbation above neuronal loss. 

Previous work has found that reginal cerabral blood flow was decreaed in 

cognitively normal elderly subjects with HTN in the ACC, the left PCC, the left 

IPC, the left hippocampus, and the left superior temporal cortices.4 This means 

that HTN is associated with the functional vulnerability for the development of 

AD.  

  The main limitation of this study is the relatively small. Further studies with 

higher number of participants are needed to covariate additional factors which 

potentially confound the relationship between the brain function and HTN, such 

as other vascular risk factors. Future studies should also investigate the 

cognitive phenotypes and other biomarkers (i.e. CSF biomarkers) that are 

associated with resting-state fMRI alterations in AD patients. Another limitation 

of this study pertains to the discordant exposure to hypertensive medications in 

AD patients with HTN. We cannot completely eliminate the potential 

confounding factors of medication exposure and differential effects across 

classes of the drugs. However, it might be a relative strength of our study that 

all of subjects were anti-dementia medication-naive. There were also limitations 

in methods. When we extracted frequency fluctuations with a band of 0.01–0.08 

Hz, the cardiac and respiratory fluctuation effects were not completely 

eliminated from the low frequency fluctuations.18,51-52 These aliasing effects 

might have reduced the specificity of the connectivity effects. However, it must 

be noted that previous results from Cordes et al.53 indicated that physiological 

noise sources, such as respiratory or cardiac pulsations, had little effect on the 

cross-correlation coefficients in defining functional connectivity maps. 

 

 

V. CONCLUSION 
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Despite a few limitations, this study shows that the presence of HTN in AD 

patients is associated with alterations in resting-state functional brain networks, 

which is not solely explained by more GM atrophy seen in the HTN group. The 

decreased subgenual ACC and increased left IPC connectivity to the PCC that 

we observed in hypertensive AD patients may suggest the possibility of 

symptomatic differences according to the presence of HTN and the existence of 

compensational process for the disrupted connectivity in the presence of 

structural injury. 
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ABSTRACT (IN KOREAN) 
 

알츠하이머병 환자에서 고혈압이  
휴지기 뇌 기능적 연결성에 미치는 영향  

 
<지도교수 : 오 병 훈> 

 
연세대학교 대학원 의학과 

 
손 상 준 

 
 

서론 : 고혈압은 알츠하이머병 발병의 위험 요인으로 알려져 있으나, 
병태생리학적 역할은 여전히 밝혀지지 않은 부분이 많다. 본 
연구에서는 알츠하이머병 환자에서 뇌 영상학적 생체지표로 알려져 
있는 후대상피질을 중심으로 한 휴지기 뇌 기능적 연결 이상이 
고혈압 유무에 따라 어떠한 차이를 보이는지 살펴 보았다. 아울러 
이러한 뇌 기능적 연결성 차이가 뇌   회백질의 위축 여부에 영향을 
받는지도 알아 보았다.  
 
재료 및 방법 : 일 대학병원 치매클리닉에 방문한 알츠하이머병 환자 
중 37명이 선별되었으며, 그 중 18명은 고혈압군으로 나머지 19명은 
비고혈압군으로 분류되었다. 휴지기 뇌 기능적 연결성은 기능적 뇌 
자기공명영상을 이용하여 과제 수행없이 후대상피질을 중심으로 
측정하였으며, 뇌회백질 위축 정도를 보정하였다. 한편, 뇌 회백질의 
위축 정도는 복셀 기반형태 측정법을 통해 살펴보았다.   

 
결과 : 고혈압이 없는 환자에 비해 고혈압을 동반한 알츠하이머병 
환자에서 후대상피질을 중심으로 한 대상회슬하피질과의 기능적 
연결성 저하가 관찰된 반면, 좌측 하두정엽과의 기능적 연결성은 
증가된 소견을 보이고 있었다. 이러한 뇌 기능적 연결성 차이는 
회백질 위축을 보정하여서도 통계적으로 유의미하게 관찰되었다.  

 
결론 : 후대상피질을 중심으로 관찰되는 대상회슬하피질과 기능적 
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연결성 저하 및 좌측 하두정엽과 기능적 연결성 증가는 고혈압을 
동반한 알츠하이머병 환자에서 고혈압이 없는 환자와의 증상적 
차이가 있을 가능성과 더불어 뇌 기능적 연결성 저하에 대한 보상 
기전이 일어나고 있을 가능성을 시사한다.  
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