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Deputy Vice-Chancellor (Medicine and Health) and Executive Dean, Faculty of Medicine, Health and Human 
Sciences, Macquarie University, Sydney, Australia

I welcome readers and trust you will enjoy reading this special edition of the Hypertension Journal which has been prepared, written, 
and edited by clinicians and scientists from MQ Health – the Macquarie University Health Sciences Centre in Sydney, Australia. Over 
recent years, MQ Health has developed a close relationship with the Apollo Hospital Group in India, in particular the Apollo Health 
City in Hyderabad. At the core of this relationship are arrangements for senior medical students studying in Macquarie University’s 
4-year graduate entry MD medical degree to engage in extended clinical placements at Apollo Hospital, Hyderabad. The Macquarie 
MD is Australia’s newest medical degree; it commenced and took in its first cohort in 2018 and has been designed to graduate doctors 
equipped for future practice within the health systems of a globalized world. In many ways, the Macquarie MD was designed to be 
a pioneering and emblematic “global medical degree” recognizing the increasing trans-national nature of much of modern clinical 
practice. By embedding Macquarie MD students in a different health system and in a culturally different country, our aim is to use 
these immersive experiences to graduate doctors with strong capability in cultural sensitivity and health system awareness by deeply 
experiencing a contrast to their home country and health system.[1]

MQ Health is a unique enterprise in Australia constituting the nation’s only university-owned and -led academic health care 
system. It operates as a not-for-profit facility within Australia’s private health-care sector and comprises a modern 150-bed Macquarie 
University Hospital plus a wide range of ambulatory services spanning general practice (primary care), specialist tertiary and quaternary 
care, digital mental health care, and allied health care. MQ Health was established and is fully owned by Macquarie University and 
has been modeled on successful university health-care systems in the United States such as the University of Pennsylvania’s Penn 
Medicine or the University of California San Francisco (UCSF) Medical Centre. Similar examples of university-led academic health 
centers also exist beyond North America including Mahidol University’s Siriraj Hospital in Bangkok, Thailand, and the Karolinska 
University Hospital in Sweden. A common theme is creating the virtuous cycle of the “learning health system” where clinical care 
is continuously improved by the outcomes of embedded clinical research. At MQ Health, we define our purpose as “Heal-Learn-
Discover” to emphasize the integration of academic medicine with clinical care.

It is from this integrated academic health environment that the contributors of this Special Edition have been chosen. The authors 
represent great examples of MQ Health in action either being clinician scientists who practice their craft informed by research or who 
are researchers guided by practice and who aim to translate their discoveries to make impacts into clinical care. All are teachers of 
Macquarie MD medical students. I commend this edition to readers and express my deep thanks to Professor C Venkata Ram, Editor-
in-Chief for inviting Macquarie University and MQ Health to compile this Special Edition.
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Hypertension Journal – MQ Special Issue
Edward Barin1, Alberto Avolio2

1MQ Health Cardiology, Faculty of Medicine, Health and Human Sciences, Macquarie University, 2Department of Biomedical Sciences, Faculty of Medicine, 
Health and Human Sciences, Macquarie University, Sydney, NSW 2109, Australia

The importance of the arterial blood pressure pulse has been 
recognized since ancient times, and from then to the present, 
the interaction of the observer and the patient has progressed 
in gradual steps. It evolved from the presence of a palpable 
arterial pulse, being accepted as a sign of life and health 
condition, to the registration of the features of the arterial pulse 
as the first ever graphical representation of any physiological 
parameter in medicine, culminating in the quantification of the 
tension in the arterial wall as a measurement of arterial “blood 
pressure.”[1]

The current acceptance of high blood pressure 
(hypertension) as a major cardiovascular risk can claim to have 
part of its origins in the actuarial and data gathering endeavors of 
life insurance companies.[2] The ubiquitous use of the brachial 
cuff sphygmomanometer in the early 20th century enabled 
collection of numerical data on blood pressure over long 
periods. The accumulation of blood pressure measurements also 
enabled data to be collected across the whole human life span. 
This demonstrated that in the otherwise healthy population, 
that is, in the normal population with no symptoms of overt ill 
health, there was a wide range of blood pressure values. Systolic 
blood pressure varied much more than diastolic blood pressure 
but increased with age. Since blood pressure was thought to be 
related to (and drive) tissue and organ perfusion, the marked 
increase in blood pressure was thought to be essential for 
adequate blood flow, as is required for efficient organ function. 
Hence, the concept of “essential hypertension”[3] was used to 
describe this condition of elevated blood pressure as being due 
to the essential readjustment of the cardiovascular system to 
accommodate age-related changes that occur in the vasculature 
(such as reduced capillary density with sequelae of increased 
peripheral resistance, hence requiring a higher pressure for 
adequate tissue perfusion). However, calculations of risk of 
morbidity and mortality (perhaps related to the forecasting 
of life insurance premiums) showed that those with elevated 
diastolic pressure were at higher risk of clinical and multiorgan 
complications affecting their health.

Hence, the accepted notion of how to qualitatively 
understand elevated blood pressure was that it was essential 
that mean blood pressure would increase with age (leading to 
essential hypertension, with no overt symptoms or identifiable 
cause), that systolic pressure was mainly related to the strength 
of cardiac contraction (and so related to stroke volume), and 
that hypertension-related health complications were mainly 
associated with high diastolic pressure,[4] presumably as diastolic 
pressure was thought to be more closely associated with total 
peripheral vascular resistance. However, with accumulation 
of information from many large epidemiological studies in the 
latter part of the 20th century, and in particular with longitudinal 
and generational data from the Framingham Heart Study,[5] it is 
now accepted that systolic pressure is the major blood pressure 
component that is related to cardiovascular risk of morbidity and 
mortality.[6] Systolic pressure shows a much more pronounced 
increase with age compared to diastolic pressure, and that, in 
fact, diastolic pressure actually tends to decrease in the latter 
two decades of life, with the majority of hypertension in the 
elderly being categorized as “isolated systolic hypertension.” 
This implies that it is the pulse pressure that shows the most 
pronounced increase with age, in particular after the sixth decade 
of life.[7] This marked increase in pulse pressure is not related to 
changes in stroke volume, which can also show a slight reduction 
with age, but rather to the known increase of arterial stiffness 
with age; and arterial stiffness itself has been shown to be an 
independent factor of cardiovascular risk.[8]

While arterial blood pressure is perhaps the most widely 
measured physiological parameter in clinical medicine, with 
methods that have essentially not changed since the inception 
of the brachial sphygmomanometer in late 19th and early 20th 
century, it still presents formidable challenges in how to improve 
the understanding of the effects of high blood pressure on end-
organ damage leading to health complications. It is some of 
these important challenges that are addressed in the series of 
comprehensive review articles and commentaries in this Special 
Issue of Hypertension Journal presented by investigators and 
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clinicians from the Faculty of Medicine, Health and Human 
Sciences and Macquarie University Hospital, from Macquarie 
University, Sydney, Australia.

The series of 10 articles spans aspects of methodology, 
specific effects of blood pressure and the brain, association of 
blood pressure and end-organ function, and the treatment and 
strategies in relation to overall cardiovascular risk.

The article by Butlin et al. addresses aspects of the 
conventional auscultation and oscillometric method 
of blood pressure measurement using the brachial cuff 
sphygmomanometer. It provides a comprehensive historical 
description of the advances made to date, important issues 
regarding sources of error and device calibration, and a view of 
the future with methods enabling continuous measurement of 
blood pressure using cuffless technology. Tan et al. extended 
the description of measurement of blood pressure to include 
the pulse waveform. With detection of the pulse waveform in 
a peripheral location (radial or brachial artery), the calibrated 
pressure waveform can be mathematically processed to provide 
an estimation of central aortic pressure. This is of interest, as with 
similar peripheral pressure values, central systolic pressure can be 
quite different, and so can potentially improve discrimination of 
pressure-dependent effects on the heart. Simultaneous detection 
of pulse waveforms at separate locations enables calculation of 
pulse wave velocity providing a non-invasive measure of arterial 
stiffness. The article addresses the current state of clinical utility 
of the estimation of central aortic pressure and arterial stiffness. 
The article by Mihailidou addresses the important aspect of 
ambulatory blood pressure and its variation in individuals as a 
means of identifying those with enhanced cardiovascular risk. 
This is significant, since the use of office blood pressure is being 
reassessed in relation to ambulatory blood pressure. There is an 
increasing trend where office blood pressure might be relegated 
to screening and ambulatory blood pressure to be used for 
reliable clinical diagnosis of hypertension.

Investigations of the effect of blood pressure on the brain are 
gaining significant interest with respect to vascular associations 
with cerebral function. The article by Neville and Savage examines 
the complex array of evidence of the effect of high blood pressure 
on cognition and Alzheimer’s disease. They also address the 
mixed evidence of the effect of hypertensive treatment in early 
life on the development of cognitive impairment in later life, 
and the effect of blood pressure lowering on cerebral perfusion 
and clearance of toxins. Additional evaluation of hypertension 
and the broad spectrum of dementia is addressed by the article 
of Fuller et al. in the context of the long-term effects of aerobic 
and resistance training exercise on lowering the risk of the 
development of dementia and cognitive decline. The article also 
highlights the fact that the mitigation of factors involved in the 
development of dementia is a multifactorial process and assesses 
the impact of pharmacological and non-pharmacological 
approaches to slow down the late age development of cognitive 
impairment associates with vascular dementia and Alzheimer’s 
disease. The effect of hypertension on cerebral dysfunction 
is examined in the article of Kim et al. where blood pressure is 

considered a major factor involved in microvascular damage. The 
authors discuss a range of vascular and neurogenic mechanisms 
that predispose to stroke and cerebral small vessel disease. 
In particular, they emphasize the important role of cerebral 
autoregulation mechanisms involved in regulating cerebral 
blood flow through vasomotion of large distributing and small 
perfusing blood vessels.

An important sequela of high blood pressure is the effect 
on end-organ function. The article by Li et al. addresses the 
relationship between blood pressure and kidney function. 
Specifically, it assesses the use of renal denervation for the 
treatment of resistant hypertension in the presence of chronic 
kidney disease, a condition for which the benefits of renal 
denervation can be varied but may also provide additional benefits 
beyond blood pressure reduction in terms of improving kidney 
function. The effect of blood pressure on the heart is addressed 
by the article of Barin and Avolio. The interaction between the 
heart and the arterial load is described as a continuum in which 
the decline of optimum cardiovascular function initiated by 
elevated blood pressure and neurohumoral changes leads to the 
development of the left ventricular hypertrophy and heart failure 
involving positive feedback mechanisms. The associations 
of blood pressure and vessels in the eye as an end organ are 
reviewed by Graham and Schultz in the context of hypertensive 
retinopathy. The importance of the ocular vasculature is that it 
enables quantitative assessment of the microcirculation and its 
associated organ function through the use of optical techniques 
for the measurement of vessel properties in relation to blood 
pressure and intraocular pressure, such as the development of 
glaucoma.

The final article by Shalaby and Lin provides a closing 
bookend to the series of articles in the Special Issue by examining 
the treatment of hypertension and overall cardiovascular risk. 
Undoubtedly, the association of high blood pressure and 
coronary artery disease is a major contribution to total risk. 
However, as explained by the contributions in this series, total 
cardiovascular risk involves a broad spectrum of compromised 
vascular and organ function, and while the measurement of blood 
pressure might be a rather simple procedure, the association of 
its optimum treatment and management for improved health of 
the individual patient still presents formidable challenges.

References

1.	 Booth J. A short history of blood pressure measurement. Proc R 
Soc Med 1977;70:793-9.

2.	 Fischer JW. The diagnostic value of the sphygmomanometer in 
examinations for life insurance. JAMA 1914;63:3.

3.	 Page IH, Heuer GJ. A surgical treatment of essential 
hypertension. J Clin Invest 1935;14:22-6.

4.	 Bridges WC, White PD. The treatment of diastolic hypertension. 
Med Clin North Am 1947;31:1106-20.

5.	 Franklin SS, Wong ND. Hypertension and cardiovascular 
disease: Contributions of the Framingham heart study. Glob 
Heart 2013;8:49-57.



MQ Special Issue� Barin and Avolio

Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020

6.	 Staessen J, Fagard R, Amery A. Isolated systolic hypertension in 
the elderly: Implications of systolic hypertension in the elderly 
program (SHEP) for clinical practice and for the ongoing trials. 
J Hum Hypertens 1991;5:469-74.

7.	 Franklin SS, Khan SA, Wong ND, Larson MG, Levy D. Is pulse 
pressure useful in predicting risk for coronary heart Disease? 
The Framingham heart study. Circulation 1999;100:354-60.

8.	 Laurent S, Katsahian S, Fassot C, Tropeano AI, Gautier I, 

Laloux B, et al. Aortic stiffness is an independent predictor of 
fatal stroke in essential hypertension. Stroke 2003;34:1203-6.

How to cite this article: Barin E, Avolio A. Hypertension 
Journal – MQ Special Issue. Hypertens 2020;6(3):95-97.

Source of support: Nil, Conflict of interest: None

This work is licensed under a Creative Commons Attribution 4.0 International License. The images or other third party material in this article are 
included in the article’s Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the Creative 
Commons license, users will need to obtain permission from the license holder to reproduce the material. To view a copy of this license, visit 
http://creativecommons.org/licenses/by/4.0/ © Barin E, Avolio A. 2020



HTNJ

� Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020

Blood Pressure, Cognition, and Dementia
Rachael Neville, Greg Savage

Department of Psychology, Faculty of Medicine, Health and Human Sciences, Macquarie University, Sydney NSW, Australia

Introduction

Hypertension poses important public health issues, affecting 
30% of people worldwide.[1] It is one of several risk factors for 
cerebrovascular disease and is frequently observed in the context 
of neurodegenerative diseases such as Alzheimer’s disease (AD) 
and vascular dementia (VaD).[2,3] As blood pressure (BP) can 
be successfully managed and treated in clinical contexts, current 
investigations have focused on whether (a) hypertension 
contributes to cognitive impairment and (b) whether treatment 
for hypertension can slow or halt cognitive decline in aging or 
in people at risk for dementia. This review will discuss recent 
perspectives in these two main areas.

Hypertension is generally defined as >90 mm Hg diastolic 
blood pressure (DBP) or >140 mm Hg systolic blood pressure 
(SBP). Both SBP and DBP are considered important for clinical 
outcomes,[4] but systolic hypertension is usually associated 

with greater stroke risk and mortality.[5,6] SBP and DBP follow 
different trajectories across the lifespan, emphasizing the 
importance of treating them separately. DBP and SBP naturally 
increase until mid-life, after which DBP typically lowers and 
SBP continues to rise.[7] This means that SBP hypertension 
(considered as isolated systolic hypertension) is most 
common among elderly[8] and frequently the focus of modern 
hypertension research. The difference between SBP and DBP 
is termed pulse pressure (PP). Widening of PP caused by 
increases in SBP and decreases in DBP in late life is considered 
to be an indirect measure of arterial stiffness and a predictor of 
adverse vascular outcomes.[9]

Blood Pressure and Cognition

The effects of elevated blood pressure on cognition have been 
investigated widely, predominantly since the early 1990s. 

Abstract

This review synthesizes findings from studies that investigate the impact of blood pressure on cognition and the development of 
Alzheimer’s disease (AD), while highlighting research limitations that add to variability. To properly capture this relationship, we 
review findings from a neuropsychological perspective, considering the effect of blood pressure on different aspects of cognition 
(e.g., processing speed, memory, and executive function) rather than cognition as a unitary construct. Hypertension in mid-life 
is associated with worse cognitive outcomes in later life, particularly in the areas of executive functioning and processing speed. 
Findings are mixed in late-life studies; however, with several lines of research demonstrating that either high or low blood pressure 
is associated with worse cognition. Much of this variability may be due to greater incidence of dementia for those with low blood 
pressure in late-life. The effect of blood pressure levels on attention, visuospatial skills, and language skills is scarcely investigated 
and requires further examination. The effectiveness of antihypertensive agents for slowing cognitive decline or reducing dementia 
risk is still debated. There is strong evidence, however, that blood pressure treatment for at least 12 years or for people aged <75 
may be effective in preserving cognitive function, reducing risk for AD, and may facilitate clearance of toxic AD-related biomarkers 
in the brain.

Key words: Alzheimer disease, antihypertensive agents, blood pressure, cognition, dementia
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Many investigations have employed cognitive screeners such 
as the Mini-Mental State Examination (MMSE),[10] which are 
relatively brief and easy assessments that amalgamate many 
aspects of cognition into a unitary measure, and have reported 
highly variable results.[11-13] This is not surprising, as vascular 
risk factors and cerebrovascular disease have greatest impact on 
attention, processing speed, and executive functions[14,15] which 
are not always observable with cognitive screeners.[16] Many 
advantages are gained, however, by investigating cognition using 
neuropsychological test batteries instead of cognitive screeners: 
They are sensitive to subtle changes across cognitive domains, 
they are less likely to be suffer ceiling effects, and they may 
correct for age, sex, and education status.

The cognitive areas most extensively investigated in 
hypertension research include executive function, memory, and 
processing speed. Executive function is a term used to describe 
a cluster of high-level cognitive processes associated with 
inhibitory control, selective attention, cognitive flexibility (set 
shifting), problem solving, planning, and generation of ideas.[17] 
In hypertension research, executive function is most frequently 
assessed with letter and semantic fluency tasks. Processing speed 
(cognitive efficiency measured in time) is usually assessed using 
the Digit Symbol-Coding subtest variants from versions of the 
Wechsler Adult Intelligence Scale  or similar tasks. The tools 
used to assess learning and memory are highly variable, which 
complicate interpretation and adds to variability in findings, but 
typically involve list-learning or recall of prose passages.

Overall, it appears that the presence of mid-life (generally 
< 65 years) hypertension is especially predictive of cognitive 
impairment later in life, particularly for executive and processing 
speed tasks.[18-23] This can be compared with the highly variable 
findings in late-life studies.[24-27] This distinction suggests that 
degree of cognitive impairment is dependent on the duration of 
elevated blood pressure, an observation which is supported by 
longitudinal findings with longer follow-up times.[28]

In terms of executive function, there is ample evidence 
linking mid-life hypertension with worse letter and semantic 
fluency later in life.[20,22,29-31] The effect of hypertension has 
also been associated with worse performance in other areas of 
executive function, such as cognitive flexibility[20,25,32,33] and 
reasoning.[29] Reduced executive function is generally found 
even when controlling for the presence of other vascular risk 
factors.[20] The association is less robust for those with higher 
blood pressure in late-life,[25,34] however, and one study found 
that younger individuals within their sample of older people 
with high DBP performed better on fluency tasks.[25] For the 
latter study, as well as several other late-life investigations, 
cerebrovascular disease, and/or stroke were exclusion criteria 
for recruitment. As discussed in later sections, hypertension is 
strongly associated with the development of white matter lesions, 
stroke, and various other manifestations of cerebrovascular 
disease. Excluding these participants may, therefore, have biased 
the sample to include healthier individuals whose hypertension 
had not yet exacerbated breakdown of cerebral vasculature. As 
incidence of cerebrovascular disease increases with age, this may 

not pose an issue for mid-life studies. Similarly, in older age, 
hypertension is highly comorbid with other vascular risk factors 
(such as obesity, diabetes, and hypercholesterolemia),[35] which 
lowers the potential of finding independent hypertension-related 
effects. This is supported by Elias et al.[34] who found worse 
cognitive performance in individuals with both hypertension 
and obesity, than just hypertension alone.

In mid-life studies, hypertension is frequently found to 
be associated with worse performance on processing speed 
tasks;[20,22,23,30,31] however, this has not been demonstrated 
consistently across studies.[32,33] One study found a stronger effect 
for individuals with both diabetes and hypertension, suggesting 
an additive effect with other vascular risk factors.[36] A 30-year 
longitudinal study found worse performance on processing 
speed tasks for individuals who were hypertensive in mid-life and 
dropped below 139 mm Hg SBP after 30 years.[28] This suggests 
that late-life decrease in SBP in the context of pre-existing 
hypertension is especially predictive for reduced processing 
speed. Findings from late-life hypertension studies are less 
clear, partly due to the exclusion of processing speed tasks in the 
selected battery of cognitive tests,[27,34,36] highlighting the need 
for further investigation. Nevertheless, there is some evidence 
that elevated BP is associated with reduced processing speed in 
late-life.[37,38]

The effect of hypertension on memory is unclear and requires 
further investigation. Independent of whether blood pressure 
was measured in mid- or late-life, findings are mixed with some 
investigations finding clear associations between hypertension 
and worse memory performance,[25,28,29,31,34,37] and others 
finding no effect.[20,22,23,26,27,30,32,39] It is also possible that much 
of this variability is caused by failure to account for individuals 
who are in preclinical phases of dementia due to illnesses such 
as AD or VaD. As the presence of hypertension is a risk factor 
for both dementias, and AD and VaD together cause 80% of 
dementias worldwide,[40] it is probable that a high proportion 
of participants across all studies will go onto develop either of 
these illnesses. Individuals who go onto develop AD typically 
demonstrate greater and earlier memory impairments than those 
who develop VaD. Therefore, studies with a greater proportion 
of participants in preclinical phases of AD may observe an 
effect on memory, producing variability across studies. Merely 
excluding participants with a diagnosis of dementia is not 
enough; however, as high accumulation of the AD biomarker 
amyloid-β can be detected 15 years before dementia diagnosis, 
when memory deficits are prominent.[41-43] In support of this 
notion, one study found that hypertensives who experienced 
decline in BP showed greater levels of CSF p-tau (another AD 
biomarker) and worsening verbal memory performance.[44] 
Future investigations should include amyloid-β or tau as possible 
moderating variables, especially since hypertension along with 
other vascular risk factors are thought to play an important role 
in the pathogenesis of AD.

Another issue with memory research involves the frequent 
amalgamation of many memory outcome measures into one 
factor. While this makes sense for statistical reasons (reducing 
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the number of comparisons and simplifying the data), individuals 
who develop VaD are likely to show worse performance on 
learning and retrieval aspects of memory with good retention, 
whereas those who develop AD typically score poorly on all 
aspects of memory, and especially retention.[45] Amalgamating 
all memory components can hide these differences and produce 
unaccountable variability.

Other domains that are typically less thoroughly investigated 
include attention, working memory, language, and visuospatial 
skills. Attention and working memory are usually investigated 
together, using digit span tasks. Kilander, Nyman (20) 
reported an association between elevated blood pressure and 
impaired digit span performance, although this finding was 
not robust across other investigations.[25,27,32,34] In terms of 
language, hypertension has been associated with reduced word 
knowledge[29] and naming.[25] However, one late-life study 
observed that verbal skills assessed with a synonym task were 
better amongst Stage 1 hypertensives (140–159 mm Hg SBP 
or 90–99 mm Hg DBP) than in normotensives, but not for 
those with higher levels of hypertension (e.g., >160 mm Hg 
SBP).[37] Given that it is at odds with other findings, this could 
be an artifact. The effect of hypertension on visuospatial skills 
was either not observed in mid-life studies[20] or associated with 
better performance in late-life studies.[37]

Some investigations report a nonlinear association between 
cognition and blood pressure. Waldstein et al. observe that 
cognition is worst for individuals at the low and high ends of 
the blood pressure spectrum as opposed to mid-range BP in 
some areas of cognition.[25] For example, older participants 
with low education perform worse on executive function tasks 
at both the higher and lower range of BP as opposed to mid-
range BP. Others who find this inverted-U shaped effect usually 
measured blood pressure and cognition in late-life.[26,46] One 
likely explanation for this (discussed in greater detail below) 
involves findings that late-life hypotension in the context of 
pre-existing hypertension is associated with greater cognitive 
impairment, higher dementia risk, and greater vulnerability 
to ischemia. This is complemented by previously discussed 
findings that conclude greater vulnerability to processing speed 
deficits for hypertensives that dropped below 139 mm Hg SBP 
in late-life. This raises a significant methodological flaw with 
late-life investigations that assume BP is static across the lifespan. 
Namely, either high or low BP can have deleterious outcomes in 
the context of pre-existing hypertension.

Another likely cause of heterogeneity in late-life studies in 
general involves the failure to account for duration of exposure 
to hypertension, and age first diagnosed. As mid-life studies 
clearly demonstrate that both are important for predicting 
cognitive impairment, late-life studies should include at least 
one proxy measure of hypertension duration in attempt to 
account for these factors. Pulse pressure partly reflects arterial 
stiffness and is often considered a better measure of the long-
term effects of hypertension when measured in late-life.[47] 
Some studies now use PP rather than any single BP component 
separately.[48] Recent studies find that PP is associated with 

cognitive decline,[32] dementia risk,[49] and greater atrophic 
changes in the brain.[50] One study observed that increasing PP 
was associated with decline in verbal learning, visual memory, and 
working memory.[51] Another study found that arterial stiffness, 
but not hypertension, was associated with worse performance in 
executive function, processing speed, and working memory.[32] 
Hypertension was only associated with worse executive skills 
when seen in conjunction with arterial stiffness. Therefore, 
late-life studies should arguably consider including a measure 
of arterial stiffness to better account for long-term exposure to 
hypertension.

Alzheimer’s Disease

As mid-life hypertension influences cognitive performance 
later in life, elevated blood pressure has been investigated for 
its contribution to the development of dementia. Alzheimer’s 
disease is the most common form of dementia, with the greatest 
global burden on resources, impacting a projected 100 million 
people by 2050.[52] AD is characterized by progressive cognitive 
decline, brain atrophy, and accumulation of amyloid-β as 
well as neurofibrillary tangles in the brain. However, vascular 
contributions to AD are now well recognized, as over 55% of 
autopsy-confirmed AD brains have at least one type of vascular 
pathology.[53] With no disease modifying therapy available, 
current investigations question whether management of blood 
pressure among other vascular risk factors could reduce dementia 
risk, slow pathogenesis, or slow AD-related cognitive decline.

In terms of dementia risk, a combination of various 
vascular risk factors, including hypertension, is often found 
to be associated with increased risk for AD.[54] Other research 
suggests the presence of vascular risk factors lowers a clinical 
threshold for diagnosis, essentially advancing inevitable AD 
dementia diagnosis earlier in life.[55] In terms of the effect of 
hypertension specifically, several large studies have observed 
that mid-life hypertension is associated with higher incidence 
of AD diagnosis later in life.[56,57] For example, one study found 
that untreated mid-life hypertension was associated with almost 
4.5 times greater risk of AD.[57] Measures relating to late-life 
hypertension are mixed, with a recent meta-analysis concluding 
no difference in dementia risk between hypertensives and 
normotensives.[58] One reason for this finding may be that in late-
life, the combination of multiple vascular risk factors, rather than 
hypertension alone, influences dementia risk.

Individuals who develop AD have a greater rise in BP from 
mid-life to late-life and a greater decrease in BP in the years 
before dementia diagnosis.[59,60] This same pattern is comparable 
to investigations of brain volume, which shows that for 
individuals with a history of mid-life hypertension, lower late-life 
BP is associated with smaller medial temporal lobe structures, 
including hippocampi, than any other pattern of blood pressure 
change.[61,62] In studies with shorter follow-up periods, a general 
association between higher blood pressure and greater atrophic 
changes are observed.[63,64] Interestingly, this deleterious pattern 
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of blood pressure described above is comparable to cognitive 
findings discussed previously, as both high and low BP in late life 
can be associated with worse cognitive outcomes.[52] It is likely 
that those with low BP and poor cognitive outcomes will later be 
diagnosed with AD.

There is considerable debate concerning the way changes 
in BP influence the pathogenesis of AD. One theory that has 
gained attention recently involves disruption to autoregulatory 
processes. The brain is dependent on a constant rate of cerebral 
blood flow. One process by which it protects from ischemic 
damage is through autoregulation, whereby the natural 
fluctuations in arterial pressure are corrected by relaxation and 
constriction of arteries.[65] In AD research, it is understood that 
prolonged hypertension disrupts cerebrovascular autoregulation 
so that higher perfusion pressures are necessary to maintain 
stable cerebral perfusion. The brain is then susceptible to the 
deleterious effects of ischemia once blood pressure drops in 
older age, as autoregulatory mechanisms fail to compensate for 
this change[66] causing vascular insufficiency and ischemia in 
vulnerable brain areas such as periventricular regions, which are 
supplied by end arteries.[67] Supporting evidence demonstrates 
that those who developed AD dementia had more extensive 
white matter lesions later in life and higher blood pressure in 
mid-life.[60] In addition, degree of periventricular white matter 
damage[68] is associated with the degree of autoregulation 
dysfunction.[69] These ischemic lesions appear to interact with 
AD pathology to enhance the manifestation of dementia.[70]

Another way the brain regulates cerebral blood flow is 
through functional hyperemia, diverting cerebral blood flow to 
areas with increased neural activity[65] and controlling clearance 
of metabolic by-products to maintain homeostasis of the cerebral 
microenvironment.[71] The downstream effects of hypertension 
cause failure of this mechanism to clear toxic amyloid-β deposits 
during synaptic activity.[72] This leads to amyloid-β accumulation 
in the brain and blood vessels, a condition termed cerebral 
amyloid angiopathy (CAA). The degree of either amyloid-β 
burden or CAA is predictive of cognitive impairment in AD.[73,74]

Antihypertensive Therapies

The effect of blood pressure reduction medications on cognition 
is still debated. Nevertheless, many randomized control studies 
have found that the use of antihypertensives is protective for 
cognitive impairment.[75,76] Antihypertensives are especially 
linked to improved or preserved executive function,[75] 
processing speed,[76] and memory.[77,78] Treatment of 
hypertension is also thought to lower the incidence of AD,[79-81] 
and a postmortem study found that brains of individuals using 
hypertensive medications had less AD-related neuropathology 
than normotensive subjects,[82] while the Honolulu Asia Aging 
Study found that use of antihypertensives lowered risk for 
hippocampal atrophy.[83] Mouse models have demonstrated 
that antihypertensives can facilitate amyloid clearance across 
the blood-brain barrier.[84] These findings provide support for 

the role of hypertension in cognitive impairment as well as the 
pathogenesis of AD.

On the other hand, many investigations have not found 
an effect of blood pressure treatment on cognition or incident 
dementia.[85-87] A systematic review of randomized, double-
blind placebo-controlled studies of participants with no history 
of cerebrovascular disease found no clear evidence for the 
effectiveness of antihypertensives.[88] However, this may partly be 
due to methodological limitations. Namely, the average duration 
of follow-up was a short 3.3 years and ages of participants 
ranged between 60 and 89 years. Current evidence suggests that 
BP treatment for at least 12 years[89] and for people aged <75 
years[80] are more likely to be efficacious. This is consistent with 
prolonged exposure to hypertension in mid-life being associated 
with cognitive decline, brain atrophy, and white matter lesions. In 
addition, the effectiveness of antihypertensives is likely dependent 
on the type of treatment used, as a recent systematic review found 
that angiotensin II receptor blockers were the most effective for 
preserving cognitive function, and especially memory, in older 
adults.[90] Therefore, additional longitudinal investigations 
with younger populations are required to assess the long-term 
effectiveness of antihypertensives on cognition and dementia.

Conclusion

Effective treatment for hypertension may be important for 
the preservation of cognition and brain health. Mid-life 
hypertension is associated with worse cognitive outcomes, 
particularly in the areas of executive function and processing 
speed. Mid-life hypertension is also associated with higher 
incidence of Alzheimer’s disease later in life. Two mechanisms 
by which hypertension is thought to influence the pathogenesis 
of AD involve disruption to autoregulatory processes and 
poor clearance of amyloid deposits. While the effect of late-life 
hypertension on cognition and incidence of Alzheimer’s disease 
is less clear, there is some evidence that low BP in late-life is 
also associated with cognitive impairment and the development 
of AD, but this requires further investigation. Research on the 
use of antihypertensive medications partially supports a causal 
relationship between mid-life hypertension and worse cognition, 
but variable methodologies, short follow-up periods, and 
inclusion of older participants complicate findings.

Greater attention needs to be given to the effect of hypertension 
in specific cognitive areas, using rigorous and consistent 
neuropsychological tools, particularly in the areas of attention, 
working memory, language and visuospatial skills, which are 
scarcely investigated, and can often underpin memory performance. 
Future late-life studies should include proxy measures of duration 
of exposure to hypertension (such as PP) to reduce variability.

References

1.	 Kearney MP, Whelton KM, Reynolds KK, Whelton KP, He KJ. 
Worldwide prevalence of hypertension: A systematic review. J 
Hypertens 2004;22:11-9.



Neville and Savage� Blood pressure, cognition and dementia: A review

102� Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020

2.	 Power MC, Weuve J, Gagne JJ, McQueen MB, Viswanathan A, 
Blacker D. Review article: The association between blood 
pressure and incident alzheimer disease: A systematic review 
and meta-analysis. Epidemiology 2011;22:646-59.

3.	 Atkins ER, Bulsara MK, Panegyres PK. Cerebrovascular risk 
factors in early-onset dementia. J Neurol Neurosurg Psychiatry 
2012;83:666.

4.	 Mohammad Golam S, Neeraj VD. Time line of history of 
hypertension treatment. Front Cardiovasc Med 2016;3:3.

5.	 Inoue R, Ohkubo T, Kikuya M, Metoki H, Asayama K, Obara T, 
et al. Stroke risk in systolic and combined systolic and diastolic 
hypertension determined using ambulatory blood pressure. The 
Ohasama study. Am J Hypertens 2007;20:1125-31.

6.	 Lindenstrøm E, Boysen G, Nyboe J. Influence of systolic 
and diastolic blood pressure on stroke risk: A prospective 
observational study. Am J Epidemiol 1995;142:1279-90.

7.	 Abdelhafiz AH, Marshall R, Kavanagh J, El-Nahas M. 
Management of hypertension in older people. Exp Rev 
Endocrinol Metab 2018;13:181-91.

8.	 Franklin SS, Jacobs JM, Wong DN, L’italien JG, Lapuerta JP. 
Predominance of isolated systolic hypertension among middle-
aged and elderly US hypertensives: Analysis based on national 
health and nutrition examination survey (NHANES) III. 
Hypertension 2001;37:869-74.

9.	 Sutton-Tyrrell SK, Najjar MS, Boudreau MR, Venkitachalam GL, 
Kupelian GV, Simonsick GE, et al. Elevated aortic pulse wave 
velocity, a marker of arterial stiffness, predicts cardiovascular 
events in well-functioning older adults. Circulation 
2005;111:3384-90.

10.	Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”: A 
practical method for grading the cognitive state of patients for 
the clinician. J Psychiatr Res 1975;12:189-98.

11.	Vinyoles E, De La Figuera M, Gonzalez-Segura D. Cognitive 
function and blood pressure control in hypertensive patients 
over 60 years of age: COGNIPRES study. Curr Med Res Opin 
2008;24:3331-40.

12.	Guo ZC, Fratiglioni L, Winblad B, Viitanen M. Blood pressure 
and performance on the mini-mental state examination in 
the very old. Cross-sectional and longitudinal data from the 
Kungsholmen Project. Am J Epidemiol 1997;145:1106-13.

13.	Di Carlo A, Baldereschi M, Amaducci L, Maggi S, Grigoletto F, 
Scarlato G, et al. Cognitive impairment without dementia 
in older people: Prevalence, vascular risk factors, impact on 
disability. The Italian longitudinal study on aging. J Am Geriatr 
Soc 2000;48:775-82.

14.	Alves GS, Alves CE, Lanna ME, Moreira DM, Engelhardt E, 
Laks J. Subcortical ischemic vascular disease and cognition: A 
systematic review. Dement Neuropsychol 2008;2:82-90.

15.	Reijmer YD, Berg E, Dekker JM, Nijpels G, Stehouwer CD, 
Kappelle LJ, et al. Development of vascular risk factors over 15 
years in relation to cognition: The hoorn study. J Am Geriatr Soc 
2012;60:1426-33.

16.	Price CC, Jefferson LA, Merino GJ, Heilman MK, Libon JD. 
Subcortical vascular dementia: Integrating neuropsychological 
and neuroradiologic data. Neurology 2005;65:376-82.

17.	Diamond BJ, Deluca J, Kelley SM. Memory and executive 
functions in amnesic and non-amnesic patients with aneurysms 
of the anterior communicating artery. Brain 1997;120:1015.

18.	Walker K, Power M, Gottesman R. Defining the relationship 
between hypertension, cognitive decline, and dementia: A 

review. Curr Hypertens Rep 2017;19:1-16.
19.	Hughes TM, Sink KM. Hypertension and its role in cognitive 

function: Current evidence and challenges for the future. Am J 
Hypertens 2016;29:149-57.

20.	Kilander L, Nyman H, Boberg M, Lithell H. The association 
between low diastolic blood pressure in middle age and 
cognitive function in old age. A population-based study. Age 
Ageing 2000;29:243-8.

21.	Launer LJ, Masaki K, Petrovitch H, Foley D, Havlik RJ. The 
association between midlife blood pressure levels and late-life 
cognitive function: The Honolulu-Asia aging study. JAMA 
1995;274:1846-51.

22.	Gottesman RF, Schneider AL, Albert M, Alonso A, Bandeen-
Roche K, Coker L, et al. Midlife hypertension and 20-year 
cognitive change: The atherosclerosis risk in communities 
neurocognitive study. JAMA Neurol 2014;71:1218.

23.	Swan EG, Decarli LC, Miller AB, Reed MT, Wolf MP, Jack ML, 
et al. Association of midlife blood pressure to late-life cognitive 
decline and brain morphology. Neurology 1998;51:986-93.

24.	Pandav R, Dodge HH, Dekosky ST, Ganguli M. Blood pressure 
and cognitive impairment in India and the United States: A cross-
national epidemiological study. Arch Neurol 2003;60:1123-8.

25.	Waldstein RS, Giggey PP, Thayer FJ, Zonderman BA. Nonlinear 
relations of blood pressure to cognitive function: The Baltimore 
longitudinal study of aging. Hypertension. 2005;45:374-9.

26.	Glynn RJ, Beckett LA, Hebert LE, Morris MC, Scherr PA, 
Evans  DA. Current and remote blood pressure and cognitive 
decline. JAMA 1999;281:438-45.

27.	Scherr PA, Hebert LE, Smith LA, Evans DA. Relation of blood 
pressure to cognitive function in the elderly. Am J Epidemiol. 
1991;134:1303-15.

28.	Swan GE, Carmelli D, Larue A. Systolic blood pressure tracking 
over 25 to 30 years and cognitive performance in older adults. 
Stroke 1998;29:2334-40.

29.	Singh-Manoux A, Marmot M. High blood pressure was 
associated with cognitive function in middle-age in the 
Whitehall II study. J Clin Epidemiol 2005;58:1308-15.

30.	Knopman RD, Boland RL, Mosley RT, Howard RG, Liao RD, 
Szklo RM, et al. Cardiovascular risk factors and cognitive 
decline in middle-aged adults. Neurology 2001;56:42-8.

31.	Cerhan JR, Folsom AR, Mortimer JA, Shahar E, Knopman DS, 
McGovern PG, et al. Correlates of cognitive function in middle-
aged adults. atherosclerosis risk in communities (ARIC) study 
investigators. Gerontology 1998;44:95.

32.	Hajjar CI, Goldstein SF, Martin AG, Quyyumi AA. Roles of 
arterial stiffness and blood pressure in hypertension-associated 
cognitive decline in healthy adults. Hypertension 2016;67:171-5.

33.	Wolf PA, Beiser A, Elias MF, Au R, Vasan RS, Seshadri S. 
Relation of obesity to cognitive function: importance of central 
obesity and synergistic influence of concomitant hypertension. 
The Framingham heart study. Curr Alzheimer Res 2007;4:111-6.

34.	Elias MF, Elias PK, Sullivan LM, Wolf PA, D’Agostino RB. Lower 
cognitive function in the presence of obesity and hypertension: 
The Framingham heart study.(Paper). Int J Obes 2003;27:260.

35.	Rodgers JL, Jones J, Bolleddu SI, Vanthenapalli S, Rodgers LE, 
Shah K, et al. Cardiovascular risks associated with gender and 
aging. J Cardiovasc Dev Dis 2019;6:19.

36.	Pavlik VN, Hyman DJ, Doody R. Cardiovascular risk factors 
and cognitive function in adults 30-59 years of age (NHANES 
III). Neuroepidemiology 2004;24:42-50.



Blood pressure, cognition and dementia: A review� Neville and Savage

Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020� 103

37.	André-Petersson L, Hagberg B, Janzon L, Steen G. A comparison 
of cognitive ability in normotensive and hypertensive 68-year-
old men: Results from population study “men born in 1914,” in 
Malmö, Sweden. Exp Aging Res 2001;27:319-40.

38.	Haan MN, Shemanski L, Jagust WJ, Manolio TA, Kuller L. The 
role of APOE ;4 in modulating effects of other risk factors for 
cognitive decline in elderly persons. JAMA 1999;282:40-6.

39.	Hebert LE, Scherr PA, Bennett DA, Bienias JL, Wilson RS, 
Morris MC, et al. Blood pressure and late-life cognitive function 
change: A biracial longitudinal population study. Neurology 
2004;62:2021-4.

40.	Ott A, Breteler MM, Harskamp FV, Claus JJ, Cammen TJ, 
Grobbee DE, et al. Prevalence of Alzheimer’s disease and 
vascular dementia: Association with education. The Rotterdam 
study. Br Med J 1995;310:970.

41.	Bateman RJ, Xiong C, Benzinger TL, Fagan AM, Goate A, 
Fox NC, et al. Clinical and biomarker changes in dominantly 
inherited alzheimer’s disease. N Engl J Med 2012;367:795-804.

42.	Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s 
disease: Progress and problems on the road to therapeutics. 
Science (New York) 2002;297:353.

43.	Villemagne V, Burnham S, Bourgeat P, Brown B, Ellis K, 
Salvado O, et al. Amyloid [beta] deposition, neurodegeneration, 
and cognitive decline in sporadic Alzheimer’s disease: A 
prospective cohort study. Lancet Neurol 2013;12:357-67.

44.	Glodzik L, Rusinek H, Pirraglia E, McHugh P, Tsui W, Williams S, 
et al. Blood pressure decrease correlates with tau pathology 
and memory decline in hypertensive elderly. Neurobiol Aging 
2014;35:64-71.

45.	Vanderploeg RD, Yuspeh RL, Schinka JA. Differential episodic 
and semantic memory performance in Alzheimers disease and 
vascular dementias. J Int Neuropsych Soc 2001;7:563-73.

46.	Bohannon AD, Fillenbaum GG, Pieper CF, Hanlon JT, 
Blazer DG. Relationship of race/ethnicity and blood pressure to 
change in cognitive function. J Am Geriatr Soc 2002;50:424-9.

47.	Rosano C, Watson N, Chang Y, Newman A, Aizenstein H, 
Du Y, et al. Aortic pulse wave velocity predicts focal white 
matter hyperintensities in a biracial cohort of older adults. 
Hypertension 2013;61:160-5.

48.	Franklin SS, Lopez AV, Wong DN, Mitchell FG, Larson  GM, 
Vasan SR, et al. Single versus combined blood pressure 
components and risk for cardiovascular disease: The 
Framingham heart study. Circulation 2009;119:243-50.

49.	Hughes MT, Kuller HL, Barinas-Mitchell JM, Mackey HR, 
McDade ME, Klunk EW, et al. Pulse wave velocity is associated 
with β-amyloid deposition in the brains of very elderly adults. 
Neurology 2013;81:1711-8.

50.	Nation AD, Preis RS, Beiser JA, Bangen JK, Delano-Wood AL, 
Lamar AM, et al. Pulse pressure is associated with early brain 
atrophy and cognitive decline: Modifying effects of APOE-ε4. 
Alzheimer Dis Assoc Disord 2016;30:210-5.

51.	Waldstein RS, Rice CS, Thayer FJ, Najjar SS, Scuteri BA, 
Zonderman BA. Pulse pressure and pulse wave velocity are 
related to cognitive decline in the Baltimore longitudinal study 
of aging. Hypertension 2008;51:99-104.

52.	Brookmeyer R, Johnson E, Ziegler-Graham K, Arrighi  HM. 
Forecasting the global burden of Alzheimer’s disease. Alzheimers 
Dement 2007;3:186-91.

53.	Jellinger K, Attems J. Incidence of cerebrovascular lesions in 
Alzheimer’s disease: A postmortem study. Acta Neuropathol 

2003;105:14-7.
54.	Luchsinger AJ, Reitz SC, Honig XL, Tang XM, Shea XS, 

Mayeux  XR. Aggregation of vascular risk factors and risk of 
incident Alzheimer disease. Neurology 2005;65:545-51.

55.	Attems J, Jellinger KA. The overlap between vascular disease 
and Alzheimer’s disease lessons from pathology. BMC Med 
2014;12:206.

56.	Whitmer AR, Sidney CS, Selby CJ, Johnston CS, Yaffe CK. 
Midlife cardiovascular risk factors and risk of dementia in late 
life. Neurology 2005;64:277-81.

57.	Launer LJ, Ross GW, Petrovitch H, Masaki K, Foley D, White  LR, 
et al. Midlife blood pressure and dementia: The Honolulu-Asia 
aging study. Neurobiol Aging 2000;21:49-55.

58.	Guan JW, Huang CQ, Li YH, Wan CM, You C, Wang ZR, et al. 
No association between hypertension and risk for Alzheimer’s 
disease: A meta-analysis of longitudinal studies. J Alzheimers 
Dis 2011;27:799-807.

59.	Stewart WR, Xue RQ, Masaki JK, Petrovitch JH, Ross JG, 
White JL, et al. Change in blood pressure and incident dementia: 
A 32-year prospective study. Hypertension 2009;54:233-40.

60.	Skoog I, Nilsson L, Persson G, Lernfelt B, Landahl S, Palmertz B, 
et al. 15-year longitudinal study of blood pressure and dementia. 
Lancet 1996;347:1141-5.

61.	Power MC, Schneider AL, Wruck L, Griswold M, Coker LH, 
Alonso A, et al. Life‐course blood pressure in relation to brain 
volumes. Alzheimers Dement 2016;12:890-9.

62.	Muller LM, Sigurdsson VS, Kjartansson BO, Aspelund JT, 
Lopez JO, Jonnson JP, et al. Joint effect of mid- and late-life blood 
pressure on the brain: The AGES-Reykjavik study. Neurology 
2014;82:2187-95.

63.	Knopman DS, Penman AD, Catellier DJ, Coker LH, Shibata DK, 
Sharrett AR, et al. Vascular risk factors and longitudinal changes 
on brain MRI: The ARIC study. Neurology 2011;76:1879-85.

64.	Den Heijer JT, Launer DL, Prins JN, Van Dijk EE, VermeerJS, 
Hofman MB, et al. Association between blood pressure, white 
matter lesions, and atrophy of the medial temporal lobe. 
Neurology 2005;64:263-7.

65.	Costantino I. Neurovascular regulation in the normal brain and 
in Alzheimer’s disease. Nat Rev Neurosci 2004;5:347.

66.	Immink VR, Van Den Born HB, Van Montfrans AG, 
Koopmans  PR, Karemaker MJ, Van Lieshout JJ. Impaired 
cerebral autoregulation in patients with malignant hypertension. 
Circulation 2004;110:2241-5.

67.	Kalaria RN. Linking cerebrovascular defense mechanisms 
in brain ageing and Alzheimer’s disease. Neurobiol Aging 
2009;30:1512-4.

68.	Juh R, Lee J, Kim SY. Investigation of periventricular white 
matter hyperintensities prone to progression from amnestic 
MCI to Alzheimer’s disease. Alzheimers Dement. 2010;6:S35-S.

69.	de Reuck J. The human periventricular arterial blood supply and 
the anatomy of cerebral infarctions. Eur Neurol 1971;5:321-34.

70.	Snowdon DA. Healthy aging and dementia: Findings from the 
nun study. Ann Intern Med 2003;139:450-4.

71.	Costantino I, Maiken N. Glial regulation of the cerebral 
microvasculature. Nat Neurosci 2007;10:1369.

72.	Cirrito JR, Kang JE, Lee J, Stewart FR, Verges DK, Silverio LM, 
et al. Endocytosis is required for synaptic activity-dependent 
release of amyloid-β in vivo. Neuron 2008;58:42-51.

73.	Boyle AP, Yu SL, Nag AS, Leurgans AS, Wilson AR, Bennett AD, 
et al. Cerebral amyloid angiopathy and cognitive outcomes in 



Neville and Savage� Blood pressure, cognition and dementia: A review

104� Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020

community-based older persons. Neurology 2015;85:1930-6.
74.	Pike KE, Ellis KA, Villemagne VL, Good N, Chételat G, Ames D, 

et al. Cognition and beta-amyloid in preclinical Alzheimer’s 
disease: Data from the AIBL study. Neuropsychologia 
2011;49:2384-90.

75.	Hajjar I, Hart M, Chen YL, Mack W, Novak V, Chui HC, 
et al. Antihypertensive therapy and cerebral hemodynamics 
in executive mild cognitive impairment: Results of a pilot 
randomized clinical trial. J Am Geriatr Soc 2013;61:194-201.

76.	Saxby KB, Harrington AF, Wesnes GK, McKeith AI, Ford AG. 
Candesartan and cognitive decline in older patients with 
hypertension: A substudy of the SCOPE trial. Neurology 
2008;70:1858-66.

77.	Fogari R, Mugellini A, Zoppi A, Derosa G, Pasotti C, Fogari E, 
et al. Influence of losartan and atenolol on memory function 
in very elderly hypertensive patients. J Hum Hypertens 
2003;17:781.

78.	Hanyu H, Hirao K, Shimizu S, Iwamoto T, Koizumi K, Abe K. 
Favourable effects of nilvadipine on cognitive function and 
regional cerebral blood flow on SPECT in hypertensive patients 
with mild cognitive impairment. Nuclear Med Commun 
2007;28:281-7.

79.	Guo Z, Fratiglioni L, Zhu L, Fastbom J, Winblad B, Viitanen M. 
Occurrence and progression of dementia in a community 
population aged 75 years and older: Relationship of 
antihypertensive medication use. Arch Neurol 1999;56:991-6.

80.	Haag DM, Hofman JA, Koudstaal MB, Breteler HC, Stricker HC. 
Duration of antihypertensive drug use and risk of dementia: A 
prospective cohort study. Neurology 2009;72:1727-34.

81.	Williamson JD, Pajewski NM, Auchus AP, Bryan RN, 
Chelune  G, Cheung AK, et al. Effect of intensive vs standard 
blood pressure control on probable dementia: A randomized 
clinical trial. JAMA 2019;321:553.

82.	Hoffman BL, Schmeidler TJ, Lesser SG, Beeri PM, Purohit TD, 
Grossman TH, et al. Less Alzheimer disease neuropathology 
in medicated hypertensive than nonhypertensive persons. 

Neurology 2009;72:1720-6.
83.	Korf SC, White RL, Scheltens JP, Launer JL. Midlife blood 

pressure and the risk of hippocampal atrophy: The Honolulu 
Asia aging study. Hypertension 2004;44:29-34.

84.	Bachmeier C, Beaulieu-Abdelahad D, Mullan M, Paris D. 
Selective dihydropyiridine compounds facilitate the clearance of 
beta -amyloid across the blood-brain barrier. Eur J Pharmacol 
2011;659:124-9.

85.	Skinner MH, Futterman A, Morrissette D, Thompson LW, 
Hoffman BB, Blaschke TF. Atenolol compared with nifedipine: 
Effect on cognitive function and mood in elderly hypertensive 
patients. Ann Intern Med 1992;116:615-23.

86.	Sato N, Saijo Y, Sasagawa Y, Morimoto H, Takeuchi T, Sano H, 
et al. Combination of antihypertensive therapy in the elderly, 
multicenter investigation (CAMUI) trial: Results after 1 year. J 
Hypertens 2013;31:1245-55.

87.	Moonen JE, Foster-Dingley JC, de Ruijter W, van Der Grond  J, 
Bertens AS, van Buchem MA, et al. Effect of discontinuation 
of antihypertensive treatment in elderly people on cognitive 
functioning the DANTE study Leiden: A randomized clinical 
trial. JAMA Intern Med 2015;175:1622-30.

88.	McGuinness B, Todd S, Passmore AP, Bullock R. Systematic 
review: Blood pressure lowering in patients without prior 
cerebrovascular disease for prevention of cognitive impairment 
and dementia. J Neurol Neurosurg Psychiatry 2008;79:4.

89.	Peila RR, White JL, Masaki JK, Petrovitch JH, Launer JL. 
Reducing the risk of dementia: Efficacy of long-term treatment 
of hypertension. Stroke 2006;37:1165-70.

90.	Stuhec M, Keuschler J, Serra-Mestres J, Isetta M. Effects of different 
antihypertensive medication groups on cognitive function in older 
patients: A systematic review. Eur Psychiatry 2017;46:1-15.

How to cite this article: Neville R, Savage G. Blood Pressure, 
Cognition and Dementia. Hypertens 2020; 6(3): 98-104.

Source of support: Nil, Conflicts of interest: None

This work is licensed under a Creative Commons Attribution 4.0 International License. The images or other third party material in this article are 
included in the article’s Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the Creative 
Commons license, users will need to obtain permission from the license holder to reproduce the material. To view a copy of this license, visit 
http://creativecommons.org/licenses/by/4.0/ © Neville R, Savage G. 2020



HTNJ

Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020

Blood Pressure, Left Ventricular Hypertrophy, and Congestive Heart 
Failure: A Continuum
Edward S. Barin1, Alberto Avolio2

1MQ Health Cardiology, Faculty of Medicine, Health and Human Sciences, Macquarie University, 2Department of Biomedical Sciences, Faculty of Medicine, 
Health and Human Sciences, Macquarie University

Brachial Cuff Blood Pressure Provides Limited Insight 
into Heart Failure Mechanisms

Elevated blood pressure (BP) relates to long-term prognosis 
including the development of heart failure (HF),[1] and its control 
will effectively prevent HF.[2] In addition to absolute systolic and 
diastolic pressures, recording widened pulse pressure, patterns 
of variability, ambulatory BP phenotypes, and even non-linear 
patterns of pressure values provide mechanistic insights into the 
pathophysiology of complicated hypertension. Nonetheless, 
the brachial cuff BP can have limited value in informing the 
development of the left ventricular hypertrophy (LVH) and 
complex evolution of HF later in hypertension. HF is not always 
heralded by the presence of LVH despite the presence of impaired 
diastolic function.[3] Structural remodeling, which follows treatment 
of hypertension or HF, may occur within the myocardium as well 
as in large conduit arteries,[4] with limited structural and functional 
information provided by brachial cuff measurements. 

Central aortic BP also relates to prognosis, ventricular 
remodeling, and complications of hypertension.[5] Its effects in 
hypertension can be seen through the differential influence of 

medications or heart rate.[6] Due to the heart rate dependence of 
pulse amplification between the aorta and brachial artery,[7] beta-
blockers have been shown to have a reduced effect on regression 
of LVH compared to other antihypertensive agents for a similar 
decrease in brachial systolic pressure.[8,9] Being a more proximate 
measure of the ventricular-arterial (V-A) coupling interface, it 
may more closely reflect LV loading conditions; however, large 
cohort studies are awaited to establish the clinical value of central 
aortic pressure in treatment and management of hypertension 
and associated cardiac complications.[10]

The definition and onset detection of HF, which is a clinical 
syndrome, remains multifaceted[11] and cannot be evaluated by 
simply recording arterial pressures. Even though hypertension is 
a risk factor for the development of HF, a rise in BP accompanies 
clinical improvement and predicts a better prognosis in HF.[12] 
Despite the increased understanding of various phenotypes 
of hypertension,[13,14] it remains unclear which are the best 
parameters obtained from a 24 h ambulatory BP recording,[15] 
for example, which influence or promote LVH and predict the 
development of HF.

Abstract

The left ventricular hypertrophy (LVH) predicts adverse outcomes in hypertension. However, it is a crude and imprecise index of 
risk occurring late in the evolution of complicated hypertension. Heart failure (HF) is a major complication of hypertension, but its 
onset and syndromes are heterogeneous, and clinical definitions and risk thresholds are imprecise. Once LVH occurs, the window 
to the development of HF has opened. Imaging techniques may provide early insights into the structural basis of HF and track 
ventricular remodeling. Ventricular-arterial coupling analysis techniques provide an added opportunity to understand how HF 
evolves within this window, and so inform tailored management of hypertension and adverse LV loading (hydraulic and myocyte 
afterload) conditions in the continuum from LVH to overt HF.
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Left Ventricular Hypertrophy is a Maladaptive 
Response

LVH is a well-defined structural biomarker for increased risk in 
hypertension, in particular for the development of HF.[16] Once 
HF occurs, it presages a poorer clinical outcome. Targeting 
LVH is appropriate and effective in hypertension.[8] It is useful 
to consider the finding of LVH as representing a failing heart, 
evidenced by deranged neurohumoral, microcirculatory, and 
inflammatory biomarkers which are recognized hallmarks of 
HF.[17]

Techniques such as cardiac magnetic resonance imaging, 
echocardiography, and positron emission tomography in LVH 
may show significant abnormalities consistent with myocardial 
dysfunction, which are not accompanied by symptoms.[18] The 
use of arterial and pulse wave analysis techniques[19] provides a 
further opportunity for HF to be more clearly understood and 
managed much earlier along the pathophysiologic continuum, as 
hypertension evolves to complicated forms.

“LV remodeling,” a term used to describe structural heart 
changes without hypertrophy, may be an earlier marker 
for abnormal myocardial function which may warrant 
intervention.[20] Although LVH or remodeling may only be crude 
indicators of impaired LV performance, they mark prominent 
red flags along the risk continuum.

Assessing Ventricular-Arterial (V-A) Dynamics in 
Understanding HF

Assessing V-A coupling using various modalities provides 
more detailed understanding of mechanisms of HF and other 
cardiovascular disease. V-A coupling has also been proposed 
as a means to manage a variety of cardiovascular syndromes 
including HF,[21] providing insights into pathophysiology, 
energetics, fibrosis, and remodeling.

V-A coupling reflects the fundamental notion that the 
ventricle, aortic valve, aorta, and peripheral arteries are 
separate organs in series. Ventricular stroke volume affects 
arterial performance, and dynamic arterial characteristics affect 
ventricular function. BP is the result of flow generated by the 
heart meeting the resistance of the arterial tree. The development 
of LVH and HF (either HF with reduced ejection fraction 
[HFrEF] or HF with preserved ejection fraction [HFpEF]) is a 
result of the maladaptive interaction of the heart and the arterial 
tree.[22]

The “gold standard” technique of measuring ventricular 
performance is based on pressure-volume loop relationships 
within the ventricular chamber, which is load independent. This 
uses the ratio of effective arterial elastance (EA) to LV end-
systolic elastance (EES).[23] However, this technique does not 
take into account the pulsatile characteristics of V-A coupling 
nor does it impart any information about the myocardium itself. 
It appears to be of limited value in assessing HFpEF. This has led 
to recent calls to include comprehensive measures of pulsatile 
arterial dynamics in assessing V-A coupling.[24] This seems to be 

useful in HFpEF, which happens to be the earliest manifestation 
of HF in hypertension.

Various hemodynamic modalities available to assess 
V-A coupling include pulse wave velocity (PWV) and reflection 
analyses, wave intensity analysis, wave power analysis, global 
longitudinal strain (GLS) and tissue Doppler echocardiography, 
measurement of characteristic impedance of the proximal aorta, 
and obtaining PWV to GLS ratios.[17,24,25] Fibrosis, inflammation, 
and oxidative stress are common biochemical pathways linking 
impaired V-A function.[26] Their direct evaluation requires 
detailed techniques which are not yet widely available in routine 
clinical use but can be inferred by current V-A modalities.

Arterial load consists of steady and pulsatile components. 
Total peripheral resistance is the measure of the steady 
component and depends on microvascular properties such 
as stiffness and reflectivity. The pulsatile component of LV 
afterload is influenced by the elastic properties of conduit 
vessels, which includes the aorta and distal muscular arteries, and 
wave propagation phenomena, including intensity and timing 
of peripheral wave reflection.[24] Pulsatile LV load may then be 
measured by the characteristic impedance of the proximal aorta, 
the magnitude and timing of wave reflections, and the total 
arterial compliance.

Furthermore, LV afterload should be distinguished from 
myocardial afterload. LV afterload is defined as the hydraulic 
load imposed on the LV by arterial pressure, and myocardial 
afterload is the wall stress imposed on myocytes to generate fiber 
shortening.[27] It is now understood that complex patterns of LV 
afterload and wall stress evolve as patients develop the syndrome 
of heart failure.[28-30] Carotid to femoral pulse wave velocity 
(PWV), aortic characteristic impedance, and the magnitude and 
timing of wave reflections during systole summate the impact of 
arterial load on LV function throughout the cardiac cycle, linked 
in turn to clinical syndromes and cardiovascular events.[21,27,31]

Dividing myocardial dysfunction syndromes into HF with 
reduced ejection fraction (HFrEF) and HF with preserved 
ejection fraction (HFpEF) by arbitrary cutoff values belie 
the variations and complexities of loading and structural 
conditions which provoke HF at the V-A interface, as well as 
the varied influence of neurohumoral, cellular, and biochemical 
alterations.[32]

While imaging techniques such as echocardiography, cardiac 
magnetic resonance, and isotopic techniques provide valuable 
information regarding structural changes and clinical risk in 
HF from hypertension,[33] novel techniques extending their use 
in assessing V-A coupling have emerged and now may also be 
applied to tailor treatment in heart failure syndromes.[23]

In HFpEF, arterial waveform indices (which are measures 
of pulsatile function) have been shown to match the ability of 
echocardiographic tissue Doppler parameters in establishing 
the diagnosis.[31] A recent study described the utility of tailoring 
heart failure therapy by measuring and adjusting aortic pulsatility 
in HFrEF[34] employing radial applanation tonometry to 
estimate the central aortic pressure. This is based on the idea 
that the true hydraulic load of a failing LV occurs at the level of 
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the central aorta and cannot be strictly assessed by peripheral BP 
cuff measurements. However, in HFrEF, it has been shown that 
effective treatment of HF with angiotensin receptor blockade 
and neprilysin inhibition is not associated with remodeling of 
the proximal aorta, as measured by applanation tonometry and 
echocardiography.[35]

Conclusions

As an adverse adaptation in hypertension, LVH may precede the 
clinical syndrome of HF, but is poorly predicted by brachial cuff 
pressure alone. Central aortic pressure may be a better predictor 
of the left ventricular hypertrophy and reflect ventricular loading 
conditions. 

More refined assessment of arterial load at the 
V-A interface has the potential to translate into more effective 
and individualized management of HF and adds to the value of 
imaging and biomarker techniques. 

Elevated BP initiates the progression from LV remodeling to 
failure through a process involving altered LV loading conditions, 
distorted myocyte structure or hypertrophy, neurohumoral, and 
circulatory changes [Figure 1]. Recognizing this continuum will 
enable the clinician to supplement brachial pressure readings 
with myocardial imaging techniques and newer modalities of 
dynamic arterial analysis for assessing severity and prognosis in 
hypertension.

The challenge is to find the best way to bring these novel 
techniques to the bedside in the least complex way.
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Introduction

Arterial blood pressure, one of the most important clinical 
parameters, is also one that presents formidable challenges 
to obtain accurate non-invasive measurements. All non-
invasive blood pressure quantification methods do not 
measure the actual blood pressure in arteries, but rely on 
factors that correlate with blood pressure to arrive at an 
estimate that has some correlation with, but is not equivalent 
to, the actual blood pressure. Blood pressure is also difficult 
to quantify as a single quantity as it is highly variable from 
day-to-day, throughout the day, minute-to-minute, and 
even from one cardiac cycle to the next. It is also difficult to 
quantify as arterial pressure varies throughout the vasculature 
such that there is no single blood pressure across the body 

at any 1 time. Despite these limitations, the current non-
invasive methods of quantification of brachial artery systolic 
and diastolic blood pressure are highly useful in prediction 
of cardiovascular events and mortality.[1] As a result, non-
invasive brachial artery systolic and diastolic pressure are the 
main measures guiding clinical decision on administration of 
antihypertensive therapy.

The following is a discussion on the current invasive and non-
invasive methods of blood pressure quantification with a look 
toward the future of techniques in blood pressure quantification 
including continuous and cuffless approaches. It also covers 
issues that need to be addressed in quantifying blood pressure 
such as traceable calibration and addressing blood pressure 
variability.

Abstract

The seminal advances of Riva Rocci made by introducing a brachial cuff with peripheral palpation, and of Korotkoff by 
auscultation of sounds associated with changes in arterial blood flow due to cuff pressure, have been the lynchpin of non-invasive 
measurement of blood pressure. Non-invasive quantification of blood pressure of the brachial artery has utility in risk prediction 
and hypertension management, despite inherent inaccuracies in the method, that an individual does not have a single blood 
pressure but a variability in blood pressure reflecting diurnal rhythm and physiological responses to daily life, and that brachial 
artery pressure may not be the precise pressure seen by the heart, kidney, and brain. This article discusses the inherent limitations of 
blood pressure measurement, the site of measurement, and currently largely ignored technical issues such as traceable calibration 
of blood pressure devices. The improvements in temporal resolution of blood pressure measurement with cuffless measurement 
of blood pressure are highlighted with the challenges of these techniques discussed. The future challenges are to obtain reliable 
continuous blood pressure measurements to quantify risk not only on blood pressure values but also on the entire beat-to-beat 
profile during daily living.
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Invasive Blood Pressure Measurement

The first reported instance of the direct measurement of blood 
pressure was by Reverend Stephen Hales[2] in 1733, who 
observed the height of blood in a pipe inserted into the left crural 
artery of a conscious 14-year-old mare, tied down on her back 
[Figure 1]. The blood “rose in the tube 8 ft 3 in [185 mmHg] 
perpendicular above the level of the left ventricle of the 
heart” and did “rise and fall at and after each pulse 2, 3, or 4 in 
[4–7 mmHg].[2]” This was a direct measurement of pressure in 
the large arteries in relation to the reference level of atmospheric 
pressure and did not involve any principle of transduction with 
associated instrumentation and physical variables. All other 
reported blood pressures are either in some way transduced 
through a secondary surrogate measurement, as in the case of 
invasive blood pressure measurement, or estimated, as in the 
case of non-invasive measurement.

In humans, the closest measurement of direct blood pressure 
is obtained by placing a solid-state pressure sensor-tipped 
catheter in contact with the blood itself within the artery. With 
changing pressure, the transducer (usually a strain gauge) 
changes resistance (with the signal being an output voltage). 
Accuracy relies on reliable calibration of the transducer relating 
that change in resistance to a change in pressure. More common 
in the acute care scenario is the placement of a saline-filled 
line within the artery, and which is externalized to a pressure 
transducer and referenced to atmospheric pressure. Accuracy in 
this method also relies on reliable calibration of the transducer. 
Error can also be introduced by placement of the transducer as 
movement of the transducer upward or downward in relation 
to the artery will change the hydrostatic pressure within the 
fluid line, and thus the pressure measured. Even with correct 
calibration, errors can be introduced by the length of tubing 
between the signal (blood stream) and the pressure transducer, 
the compliance of the tubing, and/or microbubbles in the 
saline, all of which all have the potential to alter the frequency 
response of the manometer system as a whole. A survey of 300 
blood pressure measurements using a fluid line found 31% were 

underdamped, resulting in an overestimation of systolic blood 
pressure (compared to invasive solid-state pressure catheter) of 
28 ± 16 mmHg and underestimation of diastolic blood pressure 
of −2 ± 11 mmHg.[3]

Non-invasive brachial blood pressure estimation

Any quantification of blood pressure that is not invasive is 
estimation, by definition. All non-invasive methods use signals 
that can be correlated, with varying accuracy, to blood pressure. 
Non-invasive methods do not provide an actual measurement of 
blood pressure.

The uncalibrated pressure pulse waveform (sphygmography) 
was first transduced by Marey[4] and Mahomed.[5] The first non-
invasive blood pressure estimation was reported in 1896 by Riva 
Rocci.[6,7] He reported using a pressurized cuff wrapped around 
the upper arm to occlude the brachial artery, then deflating the 
cuff and associating the cuff pressure with systolic pressure at 
the first appearance of the pulse palpated distal to the cuff. In 
1905, Korotkoff extended this technique by application of the 
stethoscope to the brachial artery distal to the cuff to identify 
characteristic sounds associated with systolic and diastolic 
pressure.[8]

These methods of blood pressure estimation were not 
proposed because of their absolute correlation with invasive 
measurement of brachial artery blood pressure. Rather, the 
methods rely on logical assumptions that underlie all cuff-based 
blood pressure estimates:
1.	 That the pressure in the cuff is the pressure applied to the 

brachial artery.
2.	 That cuff pressures above systolic pressure collapse the artery 

and occlude blood flow.
3.	 That cuff pressure at, or, marginally below systolic pressure 

allows blood to intermittently flow in the artery, giving rise to 
characteristic sounds and a palpable pulse distal to the cuff.

4.	 That cuff pressure at, or marginally below diastolic blood 
pressure is reliably associated with the disappearance of 
sounds or characteristic muffling of the sounds.

Figure 1: The evolution of blood pressure measurement. (1733) Adapted from Cuzzort’s impression (printed in the Medical Times, 1944)[57] 
of Stephen Hales and assistant measuring the blood pressure of a horse, here shown taken from the left crural artery as described by Stephen 
Hales (original shown taken from the left carotid artery). (1896) Riva Rocci’s method (later auscultation as described by Korotkoff) of relating 
pulse related phenomenon to the pressure within a cuff around the upper arm.[58] (1976) The first commercial oscillometric blood pressure 
devices were the Device for Indirect Non-invasive Automatic Mean Arterial Pressure (DINAMAP) 825. Model 845XT shown here. (1993) 
The first commercial device to measure blood pressure without a cuff was the Casio BP-100
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Although the technique of brachial artery auscultation is 
the reference standard for non-invasive quantification of blood 
pressure, Korotkoff himself saw the limitations and difficulty of 
quantifying blood pressure, captured in the title of his seminal 
work proposing auscultation, “A contribution to the problem of 
methods for the determination of blood pressure.”[8] There 
are varying theories as to the source of the Korotkoff sounds, 
especially during the supposed systolic pressure.[9] The more 
common theory is that the first Korotkoff sound is due to 
arterial wall movement when blood begins to flow through the 
previously occluded artery, and subsequent Korotkoff sounds 
are due to fluid (blood) turbulence.[9]

The characteristic sounds, first described by Korotkoff, do 
not correspond exactly with the systolic and diastolic pressure 
within the brachial artery. Systolic pressure is underestimated, 
on average, by 6 mmHg (95% CI −8 to −4 mmHg) and diastolic 
pressure overestimated by 6 mmHg (95% CI 4–8 mmHg).[10] 
This discordance between invasively measured blood pressure 
and non-invasively estimated blood pressure is not constant, 
varying greatly between people and within the individual under 
different physiological conditions.[11] 

The reasons for this disparity between measured blood 
pressure and non-invasively estimated blood pressure are 
unknown but will relate to errors in the previously outlined 
assumptions. Modeling suggests that physiological differences 
in arterial wall properties can alter pressure estimates using 
a brachial cuff by up to 20%[12] due to transmission of the cuff 
pressure to collapse and occlude the artery. The transmission of 
cuff pressure to the artery is one of the potential causes for the 
historical inaccuracy of wrist cuff blood pressure devices with the 
radial artery being bordered by the ulna and radius bones. It has 
been suggested that accurate positioning of the cuff and scaling 
the cuff width to an individual’s wrist diameter may overcome 
these problems.[13]

Due to ease of use, oscillometry is a highly popular method 
of non-invasive quantification of brachial blood pressure. 
The underlying principle is identical to that proposed by Riva 
Rocci, but relies on detection of small oscillations in the cuff 
pressure due to volumetric changes in the brachial artery[14] 
and association of changes in the amplitude or shape of those 
small oscillations with the systolic and diastolic pressure. The 
point of maximum oscillations will occur when the arterial wall 
is unloaded, that is, when the transmural pressure is zero and the 
cuff pressure corresponds to the mean arterial pressure. This has 
been demonstrated in an idealized model[15] but suffers from 
the same limitations as the auscultatory technique insofar that it 
assumes the cuff pressure is entirely and uniformly transmitted 
to the artery.

Relying on an algorithm (usually proprietary and unreleased 
by the device company, but sometimes published[16]) to 
estimate systolic and diastolic pressure, the technique has the 
advantage that it can be automated and the measurement itself 
is user-independent. However, the timing of measurements, 
positioning of the patient, and use of the automated device is 
not user-independent and is still subject to errors. A recent study 

evaluating medical students’ ability to take blood pressure with 
an automated device found that on average less than 40% of the 
criteria for good blood pressure measurement were met.[17] Only 
1 of the 159 students tested was able to take a blood pressure 
measurement correctly and according to guidelines.[17]

At the time of invention of oscillometric blood pressure 
devices, the use of auscultation for quantification of blood 
pressure was ubiquitous and long-standing clinical guidelines[18] 
using auscultation values of blood pressure were in place. Despite 
auscultation not accurately estimating invasive blood pressure, 
oscillometric devices were, and still are, validated against 
auscultation estimation of blood pressure so that the blood 
pressure values provided are consistent with those in guidelines. 
However, this also means that the oscillometric technique 
has the same error in estimating invasive blood pressure as 
auscultation does. The agreement between oscillometric and 
auscultation itself is highly variable, with a greater than 10 mmHg 
difference between oscillometric quantified blood pressure and 
auscultation quantified blood pressure in 15% of measurements 
for systolic blood pressure and 6% of measurements for diastolic 
blood pressure.[19]

Efforts were made in the last century to standardize 
validation of blood pressure quantification against auscultatory 
quantification of blood pressure measurement. Several 
guidelines on how to validate blood pressure devices were 
created.[20-22] All were largely similar and more recently an effort 
was announced[23] to consolidate the several guidelines into a 
single standard, ISO 81060-2:2018.[24] Not all blood pressure 
devices sold have been validated, and the Lancet Commission on 
Hypertension[25] has recommended that government regulatory 
authorities adopt a requirement for blood pressure devices to be 
validated.[26]

Validation studies are peer reviewed. However, these 
validation studies usually occur outside of the international 
measurement framework and in laboratories that do not have 
accreditation, and thus are not privy to the same scrutiny that is 
standard in other industries, sciences, and in retail,[27] with issues 
as fundamental as traceable calibration of references devices not 
addressed. 

Validation occurs within the limits of variability of the 
technique. There is variability between oscillometric and 
auscultatory quantification of blood pressure.[19] In part, this 
is likely due to auscultation being highly variable in reliably 
quantifying brachial blood pressure as measured invasively.[11] The 
disparity between oscillometric and auscultation measurement 
may therefore be a result of the limitations of accuracy of 
auscultation for blood pressure quantification.

Calibration

Regardless of the method used to estimate blood pressure, 
pressure needs to be transduced. In the case of cuff techniques, 
it is the pressure of the air within the cuff that is transduced. 
Conventionally, this was done by coupling the bladder of air 
with a column of mercury, with the height of mercury within 
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that column giving the pressure. The high density of mercury 
as compared to water allows for the pressure to be read in an 
easy-to-handle device that can sit on a desk. This gave rise to the 
expression of blood pressure in mmHg rather than in Système 
International (SI) units (also accepting that SI units were 
proposed in the 20th century, after the advent of blood pressure 
measurement).

Mercury columns, often perceived as ground truth for pressure 
measurement, can deteriorate with age and give erroneous 
readings. In a 2002 inspection of mercury sphygmomanometers, 
28% had an error of 4 mmHg or more and 7% an error of 6 mmHg 
or more.[28] The impact of such systematic errors is substantial. It 
is estimated that systematic errors due to non-calibrated devices 
are responsible for 28% of undetected hypertensive cases and 
31% of false diagnoses of hypertension.[29]

Due to issues of safety, there is now a movement away from 
mercury devices. In general, a piezoelectric sensor is coupled 
with the air in the brachial cuff (non-invasive measurement) or 
a fluid line internalized to the artery (invasive measurement). 
When released from the factory, this sensor has been calibrated 
to provide an accurate transduction of pressure. With time, 
the sensitivity of the sensor can change, and recalibration is 
required. Annual calibration checks are recommended with the 
calibration check being performed with traceable measurement 
(documented, unbroken chain through national measurement 
institutes to the international standard) by an accredited 
laboratory.[30,31] This does not often occur. Of 271 general 
practices surveyed across England and Wales, one (0.4%) 
regularly calibrated their blood pressure devices and 34 (12.5%) 
had at some point had their blood pressure machines calibrated 
by a drug company representative.[32]

Site of blood pressure measurement

Historically, non-invasive blood pressure has been taken as an 
approximation of brachial artery blood pressure as a matter of 
convenience and feasibility. There is no reason that brachial 
artery blood pressure is more important than blood pressure 
elsewhere in the body. It could be argued that the arterial 
pressure near the heart or in the brain is of greater consequence 
as these are sites of cardiovascular events. However, the main 
arteries of the heart and brain are not superficial and external 
pressure cannot be applied to them in the same way that it can 
in the brachial artery. Techniques for non-invasively estimating 
pressure in the aorta is addressed in this issue[33], where a transfer 
function applied to the peripheral arterial pressure waveform 
combined with cuff-based measurement of brachial blood 
pressure calculates the aortic pressure.[34.35]

The site of blood pressure measurement is also important 
within brachial blood pressure measurements alone, with there 
being reported differences in blood pressure between the two 
arms, and this interarm difference being associated with greater 
cardiovascular risk[36] and with cognitive decline.[37] Interarm 
blood pressure difference does not appear to be associated with 
asymmetry in arm geometry, suggesting that it is not an artefact 

due to differences in the transmission of the cuff pressure to the 
artery.[38] It may be that the interarm difference is an artefact 
due to pulse-to-pulse variability in blood pressure, with small 
differences in the timing of “simultaneous” blood pressure 
measurement in both arms resulting in a difference in estimated 
blood pressure. This theory has circumstantial evidence in that 
the interarm difference is not reproducible within individuals[39], 
yet is associated with end organ damage.[36,37]

Blood pressure variability: What is someone’s blood 
pressure?

Systemic arterial blood pressure changes acutely. Blood pressure 
has a diurnal variability, variability with different life activities 
and stressors, and variability from one pulse to the next. Even 
if blood pressure can be measured accurately, and it is decided 
at which vascular site blood pressure is most important, it is still 
impossible to state that someone’s blood pressure is a set number 
due to the inherent and critical variability in blood pressure.

It is recommended in clinical evaluation of blood pressure 
that the blood pressure outside of the clinic be assessed either 
through use of a home blood pressure monitor or an ambulatory 
blood pressure monitor worn for a 24-h period.[40] There is much 
controversy on the utility of visit-to-visit in-clinic blood pressure 
variability, night-time or daytime blood pressure, morning rise 
in blood pressure, and ambulatory variability in blood pressure 
in clinical assessment of risk and decision making in treating 
patients.[41] With a greater number of blood pressure devices 
uploading patient data to internet-held databases, and with 
the increase in consumer-based blood pressure devices, the 
aggregation of data for individual patients suggests that a blood 
pressure profile, rather than a single blood pressure, is becoming 
increasingly available to the clinician. How to use that data in 
clinical assessment and treatment will require research-based 
consensus.

Continuous quantification of blood pressure

Continuous measurement of blood pressure, in terms of 
visualization of the continuous pressure pulse waveform, is 
usually only in the realm of research and has not found its 
way into clinical applications. In critical care scenarios such as 
anesthesia monitoring and intensive care, a near-continuous 
blood pressure will be provided in the form of systolic and 
diastolic pressure analyzed from an arterial line, updated pulse-
by-pulse or at frequent intervals.

The only method for continuous blood pressure quantification 
is using an invasive approach. Servo-nulling of finger blood 
volume through changes in a pressure in a cuff around the finger 
has been investigated as a non-invasive approach to continuous 
blood pressure monitoring.[42] It has been demonstrated to be 
relatively accurate in tracking changes in blood pressure, with 
an average offset from intra-arterial blood pressure of between 
5 and 10 mmHg,[43] but with significant between-individual 
variability.[44] While useful in specifically designed research 
studies, the technique has not found value in critical care 
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monitoring due to limitations in accuracy.[45] The technique has 
found value in autonomic function testing, where quantification 
of acute blood pressure changes provides valuable information 
but does not warrant the risks and discomfort associated with an 
invasive blood pressure line.[46]

Blood pressure estimation without a cuff

Oscillometric brachial cuff measurement is used to quantify 
blood pressure in the ambulatory scenario (when moving about) 
and during sleep. However, the technique has limitations in this 
setting being that: The participant still needs to be relatively still 
during the measurement; the measurement is intermittent (once 
over 15–30 min), not continuous; measurement during the 
night disturbs sleep resulting in a blood pressure measurement 
that may not be representative of nocturnal blood pressure; 
the wearing of the cuff and device throughout a 24-h period is 
uncomfortable.

These limitations could be addressed by estimation of 
blood pressure without a cuff. At present, devices designed to 
measure blood pressure without a cuff use either characteristics 
of an uncalibrated pressure waveform, or the pulse transit time 
to estimate blood pressure. As blood pressure increases, the 
arterial pressure waveform shape will change[47] and the arteries 
will become stiffer, decreasing pulse transit time across a fixed 
distance.[48] Such devices rely on a defined relationship between 
the measured parameter and blood pressure to estimate blood 
pressure. It has been established that this relationship differs 
between individuals and a fixed parameter-pressure relationship 
across the population is unlikely.[49,50] For example, it is known 
that the relationship between pulse transit time and blood 
pressure has greater sensitivity for normotensive individuals than 
hypertensive individuals.[51,52] The parameters used to quantify 
blood pressure without a cuff are even further removed from 
blood pressure than the non-invasive cuff-based approaches. It 
is therefore unlikely that the accuracy will be an improvement 
upon cuff-based devices.

Often the site of measurement of cuffless blood pressure 
devices is not the brachial artery. It must be considered whether 
the local vascular changes that are being interrogated are 
representative of blood pressure changes in the brachial artery, 
if it is the brachial artery blood pressure reference values that are 
to be estimated. 

It should also be considered that if only one parameter is 
being measured (e.g., a single waveform feature or the pulse 
transit time) and both systolic and diastolic blood pressure are 
reported, how two parameters are estimated from one parameter. 
While there is some correlation between systolic and diastolic 
pressure, one cannot be predicted from the other. It follows 
that cuffless blood pressure devices reporting both systolic and 
diastolic pressure suffer from variability in accuracy or require 
further correlative inputs to predict both systolic and diastolic 
pressure with some accuracy. 

The Food and Drug Administration (FDA) recently approved 
medical style devices marketed directly to the consumer (Apple 

Watch and AliveCor KardiaBand atrial fibrillation detection) as 
“de novo,” that is, not requiring equivalence to medical devices not 
marketed to consumers. In theory, this also opens the pathway 
for cuffless blood pressure devices marketed direct to consumers 
with differing criteria around accuracy to that of medical 
devices. This is important in considering the utility of consumer 
cuffless blood pressure in health decision making both on an 
individual level and at a population level using aggregated data. 
Separate to the FDA, the Institute of Electrical and Electronics 
Engineers have developed a standard for validation of cuffless 
blood pressure devices.[53] The International Organization for 
Standardization is currently preparing a standard as well.[54]

Improvements in estimating true blood pressure

The seminal advances of Scipione Riva Rocci made by 
introducing a brachial cuff with peripheral palpation, and of 
Nikolai Korotkoff by auscultation of sounds associated with 
changes in arterial blood flow due to cuff pressure, have been 
the lynchpin of non-invasive measurement of blood pressure. It 
was known from the very beginning that these techniques rely on 
the integrity of all components of the system to obtain a reliable 
estimate of arterial blood pressure by measuring cuff pressure. 
It is important to understand, the errors are not due to the 
actual measurement of pressure, that is, the manometric value 
of cuff pressure. This can be measured with high accuracy, the 
most accurate being the height of a column of fluid open to the 
atmosphere, as it is totally devoid of any process of transduction. 
The problem is the fiducial relationship of cuff pressure with 
arterial pressure. Indeed, the very first improvement that was 
required to the Riva Rocci sphygmomanometer was to change 
the size of the cuff – the original cuff was not wide enough for 
uniform collapse of the brachial artery under the cuff.

Although the basis of sphygmomanometry has not changed, 
there have been gradual improvements in cuff and internal 
bladder design so as to accommodate variable anatomy of the 
upper arm, use of microphones or flow sensing techniques, or 
even to visualize the Korotkoff sounds[55] to obtain fiducial points 
in the brachial cuff pressure that correspond to systolic and 
diastolic pressure. Improvements in the oscillometric technique 
have included optimizing parameters for curve fitting to the 
oscillogram to obtain reliable coefficients for models estimating 
systolic and diastolic pressure.[56] 

Notwithstanding the many functional improvements made 
to the conventional brachial cuff measurement of blood pressure, 
the cuff pressure values generally tend to underestimate true 
intra-arterial systolic pressure. It is unlikely that any non-invasive 
technique will be able to obtain the true value of intra-arterial 
pressure with all measurements. However, it should be possible 
to design methodologies that will reduce the variability of 
the estimation so that true changes can be reliably estimated 
with achievable tolerances that are accepted by standards and 
regulatory agencies. Although, intermittent measurements of 
cuff-based methodologies have produced all the data on blood 
pressure for physiopathological associations of high blood 
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pressure and cardiovascular risk, the future challenges are to 
obtain reliable continuous blood pressure measurements so as to 
quantify risk not only on blood pressure values, but on the entire 
beat-to-beat profile during daily living.

Conclusions

It is undeniable that non-invasive quantification of blood 
pressure of the brachial artery has utility in risk prediction and 
hypertension management despite the inherent inaccuracies in 
the method compared to invasively measured blood pressure, 
and that brachial artery pressure may not be the precise pressure 
seen by the heart, kidney, and brain. Detailed guidelines exist 
around the validation of cuff-based blood pressure devices, 
and how to take measurements to obtain a seated resting value 
of blood pressure. More fundamental issues such as regular 
traceable calibration of devices, including in the laboratories 
performing validation studies, could be better addressed. 
Estimation of blood pressure without a cuff promises large 
gains in presenting a person’s blood pressure profile, rather 
than the broad method of stating a person has a single average 
blood pressure at rest. However, given that cuffless estimation 
of blood pressure relies on correlative parameters, accuracy of 
both clinical and consumer market devices should be carefully 
considered in employing these devices in clinical decision 
making and in research studies relying on aggregated data.
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Introduction

For decades, arterial hypertension has been a well-established 
health burden, notably for cardiovascular complications such 
as ischemic heart disease (IHD). Known as the silent killer, 
extracardiac complications of hypertension have become a 
primary concern for preventative healthcare.[1] Ischemic and 
hemorrhagic stroke are archetypal examples that combined, 
have risen from fifth (1990) to third (2017) on the list of most 
prevalent causes of early death globally, after IHD and neonatal 
disorders.[2]

The global prevalence of hypertension has been predicted 
to rise from 972 million in 2000 to 1.56 billion by year 
2025.[3] Current rates are already at an estimated 1.13 billion 
(2015).[4] In 2017, the American College of Cardiology 
and American Heart Association lowered systolic pressure 

thresholds that define hypertension, from 140 mmHg to 
130 mmHg [Table 1].[5] This was in response to a randomized 
clinical trial data demonstrating that lower cardiovascular 
events and mortality rates are associated with a systolic pressure 
target of <120 mmHg.[6] These new diagnostic thresholds have 
been inconsistently implemented across clinical practice and 
research, making current prevalence predictions inaccurate and 
subsequent extracardiac consequences underestimated.[7]

However, there is a growing body of research and clinical 
knowledge of hypertension-associated pathophysiology and 
clinical outcomes. In addition, traditional borders segregating 
the roles and functions unique to each clinical specialty are 
becoming multidisciplinary. Thus, there is a growing need to 
have an up-to-date knowledge base of hypertension-associated 
pathologies as it relates to their specialty. In the context of 
neurology, this knowledge refers to the impact of hypertension 
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to neurological presentations less known than cerebral small 
vessel disease (cSVD) and stroke.

This aim of this review is to provide an overview of the 
clinical impact of systemic arterial hypertension to microvascular 
brain pathophysiology by: (1) Outlining the pathophysiology of 
hypertension as it relates to clinical neurology, (2) summarizing 
the contemporary concerns and findings of arterial hypertension 
as it relates to the microvascular pathophysiology of neurological 
and neurosurgical presentations, and to (3) describe potential 
clinical recommendations and future direction for clinicians.

Literature Review Process

A literature review was conducted on Medline (Ovid) database 
on February 3, 2020, using the search terms, respective 
synonyms and MeSH headings: Neurology OR Neurosurgery 
AND hypertension AND microvascular. Full search criteria can 
be accessed in Appendix 1. Additional articles were identified 
perusing reference lists of included articles.

A total of 281 studies were found. For a broad scope, all 
non-animal English articles and reviews that examined arterial 
hypertension-associated pathology in neurological pathologies 
in the past 10 years (2011–2020) were included in this review.

For the limits of our aim, articles discussing hypertension 
only in association with cSVD or stroke were excluded. 
Application of the new hypertension thresholds in obstetric 
presentations is yet to be implemented, and thus peri-partum 
presentations including pre-eclampsia were excluded from 
the study. Due to differences in pathology and management, 
articles in pediatric settings were excluded. Articles discussing 
venous hypertension were excluded. Conference abstracts, 
case reports, non-English, animal, and opinion papers were 
excluded from the study.

Duplicates were removed and 275 articles screened. A total of 
29 articles were chosen for review.

Cerebrovascular Autoregulation

The brain is a highly homeostatic dependent, and therefore 
vulnerable, organ, reliant on exquisite, autoregulatory control of 
cerebral perfusion, as measured by cerebral perfusion pressure 
(CPP):[8]

CPP (i.e., MAP–ICP) = CBF × CVR

Autoregulation of CPP is a homeostatic process which 
involves real-time changes in cerebral vascular resistance (CVR) 
in a pattern inverse to the rate of cerebral blood flow (CBF). As 
such, it ensures that when the mean arterial pressure (MAP) of the 
systemic circulation increases, CVR inversely increases. Therefore, 
a constant CBF sufficient to the cerebral metabolic demands must 
be maintained despite wider systemic flow variation.

Up to 75% of initial CPP elevations is believed to be relieved by 
vasodilatory control of large cerebral arteries;[9] in effect, preventing 
the pulsatile arterial pressure from reaching small pial arteries and 
arterioles and penetrating arterioles, and thereby preserving the 
downstream microvasculature. The exact process and control of 
cerebral autoregulation are not completely understood. However, 
recent literature has emphasized it to be a more complex interplay 
between neurogenic, myogenic, as well as intrinsic microvascular 
metabolic and endothelial mediators.[10] This autoregulation can be 
visualized as a triphasic curve; the limits of effective autoregulation 
are within CPP of 50 and 150 mmHg in a supine normotensive 
patient.[9] However, in chronic hypertension, autoregulation sees a 
rightward shift (i.e., increasing the set point of regulated pressure 
range).[9] This shift is thought to be neuroprotective by chronic 
resistance against high blood pressure (BP) -induced damage to the 
downstream microcirculation. While the etiology is unconfirmed, 
it has been hypothesized as a blunting of baroreceptors in response 
to ongoing tangential arterial wall stress.[11]

Acute cerebral microvascular dysregulation

When the average systemic arterial pressures (i.e., MAP) 
causes CPP to surpass 150 mmHg, autoregulation is lost. 
Cerebrovascular resistance is fatigued and pial arteries and 
arterioles and penetrating arterioles receive unregulated pulsatile 
systemic flow. Specifically, MAP above 200 mmHg has been 
shown to cause irreversible cerebral damage.[12] The vasogenic 
theory instructs unregulated hyperperfusion to create an 
increased capillary hydrostatic pressure, subsequent capillary 
rupture, and breakdown of the blood–brain barrier. Secondary 
injury cascades involve intrinsic pro-inflammatory markers, mass 
effect, and downstream ischemia causing white matter damage. 
The outcome of ischemic injury is also anatomically variable; a 
richer sympathetic innervation to the anterior cerebral circulation 
(ACC) as opposed to the posterior cerebral circulation. This 
provides ACC more protection against slight BP elevations by 
increasing the upper limit of the cerebral autoregulation.[13]

Table 1: American Heart Association classification of BP in adults[5]

BP category Unrevised BP thresholds (mmHg) 2017 revised BP thresholds (mmHg)
Systolic Diastolic Systolic Diastolic

Normal <130 <85 <120 <80

High normal 130–139 85–89 120–129 <80

Hypertension stage 1 140–159 90–99 130–139 80–89

Hypertension stage 2 160–179 100–109 ≥140 ≥90

Hypertensive crisis >180 >110 >180 >120
BP: Blood pressure



CMD; clinical considerations of SAH� Kim

Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020� 119

Chronic cSVD and remodeling

cSVD is a collective term for pathological changes in the 
microvascular architecture; small arteries, arterioles, capillary 
beds, and small veins.[14] Usually asymptomatic, chronic 
hypertension causes microatheromatous structural changes 
to increase risk of acute presentations of ischemic stroke and 
intracerebral hemorrhage (ICH) as well as chronic cognitive 
decline. Chronic benign hypertension induces hyaline 
arteriolosclerosis, the thickening of the vessel wall due to 
replacement of intramural smooth muscle with fibrin and 
hyaline plasma materials (lipohyalinosis). In acute malignant 
hypertension, hyperplastic arteriolosclerosis occurs whereby 
a rapid resistance is attempted against sudden increase in 
intraluminal pressure through concentric “onion-skin” 
hyperplasia of intramural smooth muscle. Rarefaction, vascular 
pseudo-calcification and microaneurysm (<0.9 mm diameter) 
development in basal ganglia, thalamus, and pons are less 
recognized changes in response to poorly regulated BP.[15] Due to 
the inability to grossly visualize microvascular changes, secondary 
detection through magnetic resonance imaging (MRI) visual 
markers have been a commonly substituted tool. These markers 
include white matter hyperintensities (WMH, leukoaraiosis), 
lacunes, cerebral microbleeds, cerebral atrophy, and increased 
perivascular spaces.[14] Often, the early stages of cSVD are 
asymptomatic and may therefore be neglected. However, such 
illustrative changes provide an opportunity to discuss vascular 
processes and to educate patients with regard to modifiable risk 
factors. However, these are only predicative markers of chronic 
small vessel disease and are not diagnostic markers.

Posterior Reversible Encephalopathy Syndrome 
(PRES) and Microvascular Dysregulation

PRES is a rare phenomenon, characterized by an acute or 
subacute onset of global cerebral manifestations (i.e., seizures, 
visual disturbances, and nausea/vomiting).[16] Clinically, PRES 
forms a growing differential among neurological presentations, 
but is poorly understood.

PRES manifestations are commonly brought about within 
a matter of hours by a known trigger, most commonly an acute 
rise in BP. Occurring in up to 80% of presentations, systolic BP 
has been recorded to peak up to 170–190 mmHg.[17] As such, 
PRES has been commonly witnessed in groups with pre-existing 
risk of hypertension including; Guillain–Barre syndrome, illicit 
drug use, pre-eclampsia, and autoimmune/immunodeficient 
presentations. With no set diagnostic criteria, a clinicoradiological 
diagnosis through typical MRI findings of symmetrical cortical 
and/or subcortical edema in parieto-occipital regions that may 
“reverse” and disappear within a matter of weeks to months post 
onset.[18]

The pathophysiology underlying PRES is controversial 
and has been held attributable to the vasogenic theory.[17] The 
endovascular damage caused by pre-existing conditions in risk 
groups possibly lowering the thresholds for auto dysregulation 

and subsequent syndrome development. However, this theory 
is difficult to reconcile hypertensive PRES presentations. 
Furthermore, contemporary literature has shown atypical 
presentations of grey matter change and non-posterior circulation 
patterns including the temporal lobes, central deep white matter, 
basal ganglia, as well as anterior watershed areas.[19] In one 
retrospective study, 64.2% of patients presented with frontal 
white matter changes rather than posterior circulatory regions.[20]

Contemporary studies have also made efforts to conceptualize 
the possible pathophysiology for this prevalence within the 
medical oncology and transplant subspecialties.[21-24] The 
immunomodulation and pharmacological metabolic cascades 
in chemotherapy, in addition to fluid overload, have shown to 
provide possible theories to these anatomical patterns.[19] This 
includes the potent vasoconstriction and vasospasm or direct 
endothelial damage due to pro-inflammatory cytokines from 
specific pharmacology (e.g., cyclosporin), direct endothelial 
damage by pro-inflammatory mediators in patients with 
chemotherapy as well as increased endothelial permeability, and 
microthrombotic damage due to vascular endothelial growth 
factors, and T cell activation in organ transplant patients.[19,21-23] 
Overall, the contemporary theories postulate PRES as a primarily 
intrinsic endothelial dysfunction, whereas the reversible MRI 
markers are indicative of reversible endothelial damage rather 
than hypertensive ischemic damage. While this may explain the 
cause for PRES presentations in normotensive patients, further 
research is required to confirm these theories.

The absence of consensus diagnostic criteria has limited 
the literature to provide empirical data for the appropriate 
management of PRES. In addition to supportive management, 
contemporary literature has shown the rapid removal of a trigger 
to be associated with faster recovery and complications.[17] As 
such, the use of IV or sublingual anti-hypertensives in the acute 
setting has been proven effective.[25] While corticosteroids have 
been reported to precipitate as well as treat PRES, a retrospective 
study showed no significant association with vasogenic edema.[26] 
However, its therapeutic impact still requires further evidence.[17]

Sleep Disorders and cSVD

The literature has shown sleep disordered breathing disorders 
(SDBD) and sleep related movement disorders (SRMD) to 
have a bidirectional relationship with stroke and cardiovascular 
mortality/morbidity, whereby sleep disorders are risk factors 
for cardiovascular disease (CVD).[27,28] This has been generally 
attributed to diurnal hypoxia-mediated autonomic and 
hemodynamic responses. However, recent literature has shown 
obstructive sleep apnea (OSA) to be an independent association 
to development of SCVD changes.

SDBDs

SDBD is an umbrella term for sleep-associated breathing 
disorders including obstructive (OSA), central or mixed sleep 
apnea and/or sleep-associated hypoventilation. OSA is most 
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prevalent among SBDB subtypes, affecting up to 34% males 
aged 30–70 years and 17.4% of women aged 30–70 years.[29] 
Contemporary literature has also demonstrated that moderate-
to-severe OSA is independently associated with microvascular 
changes, using MRI markers of cerebral ischemia.

Two recent meta-analyses have showcased no significant 
association with OSA and IHD (i.e., myocardial infarction and 
angina).[27,30] In addition, included literature in our review has 
not shown any significant link between atrial fibrillation and 
stroke among OSA patients. These findings may indicate the 
pathophysiological impact of OSA on cerebral microvasculature to 
be independent of embolic or IHD pathophysiology. Furthermore, 
Butt et al. showcased patients with moderate-to-severe OSA to 
have significant brachial artery hyperactivity, independent of a pre-
existing arterial BP.[31] This supports the belief that there may be a 
localized endothelial dysfunction mediated by OSA, independent 
to systemic BP, rather than an exacerbation of BP. This is in line 
with previous hypotheses that chronic cerebral microvasculature 
changes such as capillary rarefaction may be present in OSA 
patients, as such changes have been recorded in forearm of OSA 
patients.[32] In addition, there is insufficient knowledge of the impact 
of hypertensive management and its impact on the microvascular 
changes from OSA independently. Nevertheless, the qualitative 
impact of pre-existing hypertension to the degree of microvascular 
change has yet to be determined and requires further investigation.

SRMDs

Similarly, there is empirical evidence to support periodic limb 
movements (PLM) as an independent risk factor to CVD, 
independent of its known cerebrovascular covariation. Boulos 
et al. has shown an increase in PLM (≥5/h) to be significantly 
associated with increased WMH burden for first minor stroke 
or TIA presentations.[33] An association significant when age, 
apnea/hypopnea, and cerebrovascular risk factors (including 
hypertension) are controlled.

PLM has a common association of up to 15% of restless 
leg syndrome (RLS) cases.[34] Furthermore, an association 
with long-standing RLS to WMH burden is recognized. In a 
prospective study, Ferri et al. showcased long-standing RLS 
(>10 year duration) to have an independent association 
to asymptomatic and thus subclinical cSVD.[35] Another 
prospective study executed by Gupta et al. found that pre-stroke 
RLS to only be a predictor for subcortical as opposed to cortical 
strokes (22.83% vs. 2.74%, P  <  0.001).[36] Ferri et al. did not 
assess MWH burden within cortical regions and only within 
subcortical, deep nuclear regions including pons and thus cannot 
confirm Gupta’s findings.[35] Boulos et al. showed there to be 
no significant association between diagnosed RLS and WMH 
burden (P = 0.046).[33] However, the close epidemiological 
association between PLM and RLS is of note.[33,34]

Overall, the pathophysiology behind PLM CVD risk is 
theoretical and under-investigated. Contemporary literature 
suggests the pathophysiology behind PLM CVD risk is 
multifactorial. However, the main attribution has been 

deemed as the nocturnal sympathetic hyperactivity causes a 
high variation in heart rate, vasomotor and thus, arterial BP. 
Triggering a cascade of mechanical endothelial stress congruent 
to the mechanisms of cSVD as mentioned above. Ferri et al. also 
postulated this cerebral hemodynamic instability to produce 
transient intracerebral hypoxia-mediated damage.[35] The 
hypercoagulable and oxidative stress which may contribute to 
the rise of pro-inflammatory biomarkers including CRP and Lp-
PLA2 to have significant levels in PLM patients.[37,38]

While Boulos et al. identified a qualitative assessment for 
trends of WMH burden, the specific trends of WMH burden to 
intracerebral location was not investigated.[33] They theorize PLM 
to have an unrecognized cerebral network which may allow WMH 
aggregation along these pathways. In turn, WMH themselves 
may make interconnected pathways that may increase PLM 
vulnerability to ischemic insult and thus increase risk of CVD. 
This theory is congruent with Gupta et al.’s findings, whereby 
among the 35 patients with pre-stroke RLS, 8 presented strictly 
unilateral, and 16 patients had asymmetrical RLS involvement.[36] 
All 24 patients showing symptom predominance on the motor 
aspect associated (contralateral) to the stroke affected cerebral 
hemisphere. Further prospective studies are required to confirm 
the nocturnal BP changes and determine if transient cerebral 
hypoxia episodes are confirmed. As well as confirm whether 
anatomical location of WMH is associated with PLM location.

Neurosurgical Considerations of Hypertension

Peri-operative complications

The contemporary literature has showcased growing concern 
for hypertension as a significant variable to peri-operative 
complications and subsequent surgical prognosis. Perioperative 
hypertension is characterized as a 20% or greater increase of 
the patient’s BP baseline from that of their pre-operative BP.[39] 
In addition to surgical stress associated Renin-Angiotensin-
Aldosterone System (RAAS) and sympathetic nervous system 
activation and intraoperative fluid overload, sympathetic 
stimulation from surgical handling of the deep white matter as 
well as metabolic stress from cerebral activation.[40]

A literature review in 2011 stated the presence of isolated or 
combined pre-, intra-, and/or post-operative hypertension to 
increase intra- and post-operative ICH and hematoma formation 
at and remote from the operating site.[41] Perioperative bleeding, 
especially at pressures of more than 160/90 mmHg, has been 
associated with microvascular damage subsequent to the acute 
hypertensive damage.[41] In addition, surgical disruption of 
the BBB at the surgical site causes uncompensated vasogenic 
edema and subsequent secondary injury cascades. The 
surgical considerations toward preventing and reducing these 
hemorrhagic complications are still in question. Soghomonyan 
et al. stated up to 50.8% of survey responders aim to reduce 
such complications by performing permissive hypotension 
for cerebral aneurysm clipping.[42] In addition, the literature 
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has recommended slow weaning from anesthesia to effectively 
suppress surgical stress-induced hypertension and bleeding 
tendency.[41] In contrast, other studies have stated concern for 
intraoperative hypotension among pre-existing hypertensive 
patients due to anesthesia-induced vasodilation in an already 
constricted blood volume, causing ischemic microvascular 
damage. Overall, empirical data to support the best perioperative 
management of hypertension are poor and cannot be 
appropriately evaluated until further investigation.

Hypertension undoubtedly creates deleterious acute and 
chronic consequences on the cerebrovascular architecture. 
Lifestyle and pharmacological management have been 
successful endeavors by medicine. However, up to 35.3% of 
current hypertensive presentations are diagnosed as resistant 
hypertension, whereas BP is perceived and/or confirmed as 
unresponsive to diuretic-containing triple drug combination.[43] 
Up to 50% of such presentations have been likely attributed 
to an undiagnosed neurogenic etiology rather than a true 
pharmacological resistance.[44]

The brain-heart axis requires complex multi-level 
processing. The brainstem contains the nucleus of solitary 
tract, a cardiovascular center which processes mechano- and 
chemo-peripheral baroreceptor and vagal inputs to deliver 
parasympathetic control to vascular tone, heart contractility, 
and rate.[45,46] A similar process is seen in the rostral ventrolateral 
medulla (RVLM) to deliver sympathetic output.[45,46] While the 
left RVLM has an additional function for receiving input from 
the baroreceptors of the left atrium. First hypothesized in the 
1970s by Jannetta et al., the vascular compression of the RVLM 
and adjacent root entry zone (REZ) of the glossopharyngeal 
(CNIX) and vagal (CNX) nerves to be a neurogenic etiology 
of hypertension.[47] The pulsatile compression by adjacent 
vasculature activate residing RVLM sympathoexcitatory C1 
neurons creating transient episodes of sympathetic and RAAS 
metabolic cascades, resulting in microvascular endothelial 
inflammation and remodeling.[48]

Studies have shown success in the use of microvascular 
decompression (MVD) as a therapeutic treatment of the 
above hypothesis. Lu et al. identified a significant mean BP 
reduction when the left trigeminal nerve, RVLM, and REZ 
were decompressed (experimental group) as compared to 
trigeminal nerve decompression alone (control group).[49] The 
experimental group found up to 83.3% of the experimental group 
to have an improvement or resolution of their hypertension 
(P△SBP  <  0.001; P△DBP  <  0.001), with an overall significant 
decrease in the mean SBP and DBP.[49] While only the control 
group saw no significant improvement in BP (P△SBP  =  0.131; 
P△BDP  =  0.078).[49] These trends were confirmed by Sindou 
et al. who prospectively determined a 79.2% effective rate 
among its 48 patient pool with combined RVLM and REZ 
decompression.[50] No cases of elevated or rebound BP post-
operative were reported. Except for transient vertigo, no post-
operative complications were reported.

However, the indication for MVD for resistant hypertension 
remains controversial. The hypothesized pathophysiology 

would foresee further antihypertensive effect upon left-sided 
decompression. Studies show inconsistencies as to the location 
of the decompression itself. Lu et al. showed the successful 
antihypertensive effect of concomitant left RVLM and REZ 
decompression at least 6 months postoperatively.[49] Legrady 
showcased no significant difference in the location of left-sided 
decompression (i.e., RVLM or REZ).[48] However, this study 
used a 1 week post-operative follow-up, which may be too short 
a time frame, considering a maximum anti-hypertensive effect 
has been shown at 1 year.[48,49] If we consider the duration of 
post-operative assessment as a variant for result validity, results 
by Sindou et al. would deem most valid. With a mean follow-up 
of 7 years (2–16 years), the side of decompression (of REZ and 
RVLM) was ipsilateral to concomitant facial nerve spasm.[50] 
These results showcased left- and right-sided decompression 
to have no significant difference in efficacy.[50] The efficacy 
of the right-sided decompression may be accountable by 
Lu et al.’s theory where an associated cranial nerve symptom 
(e.g., trigeminal neuralgia or facial spasm) may enhance anxiety-
induced sympathetic activation.[49] Nevertheless, the results of 
the contemporary study are inconsistent and more prospective 
studies with long-term follow-up are required.

All three studies consistently suggest MVD to only be 
indicated in patients presenting with resistant hypertension that 
has MRI confirmed NVC at REZ and/or RVLM. Nevertheless, 
detection of an elongated arterial loop on MRI is only a 
presumptive diagnosis. The neurogenic nature of the MRI 
finding cannot be confirmed. While internationally recognized as 
a modality for hypertensive treatment, there remains no unified 
criterion for diagnosing neurogenic hypertension and thus the 
patient selection for MVD.

Greater research into long-term prognostic outcomes, cost-
efficacy, and patient selection is likely to be of benefit; however, 
the literature on these factors is sparse. MVD was indicated for 
primary cranial nerve disorders including hemifacial spasm and 
trigeminal neuralgia rather than for resistant hypertension. As 
such, the etiology and identification of resistant hypertension 
as well as post-operative reduction in hypertension were not 
pursued. Until all such factors are investigated and evaluated, 
the benefit of therapeutic surgery for hypertension will remain 
uncertain.

Discussion

Overall, contemporary research has shown its growing efforts 
to investigate the direct association of hypertension and 
neurological outcomes. By providing a broad overview of 
multiple neural pathologies, we can see the negative effects of 
hypertension as it influences multiple pre-existing acute and 
chronic neurological and neurosurgical concerns.

Specifically, on a microvasculature level, the association of 
hypertension to neurological pathologies seems to be based 
upon overriding compensatory adaptations made within the 
intrinsic endothelial rather than systemic vascular environment. 
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However, there is an overarching lack of detailed knowledge to 
support this pathophysiological basis. With many associations 
and trends being theorized by the literature, we can also see that 
the subsequent efficacy of management is put into question.

In addition, none of the contemporary studies had 
appropriately evaluated hypertension as per the new hypertension 
thresholds. Instead the trends and associations of hypertension 
was under the definition of a BP greater than or equal to 140/90 
mmHg. Thus, the findings of contemporary literature cannot be 
guaranteed applicable to all hypertensive patients, as these trends 
are yet to be confirmed prevalent in BP values between 130–140 
mmHg and 80–90 mmHg, systolic and diastolic, respectively.

Conclusion and Future Perspectives

There is growing contemporary evidence that supports 
hypertension as an important risk factor and etiology to 
multiple neurological pathologies. Nevertheless, we have 
been able to see several gaps in the literature. This has made 
it difficult to determine the true impact of BP optimization to 
each neural pathology. Future research should reinvestigate the 
contemporary concerns of hypertension as mentioned above, 
but in the context of the new hypertensive thresholds. This 
will reconfirm contemporary concerns and thus determine a 
true qualitative value of hypertension to each neuropathology. 
Research must be executed through more in-depth analysis, for 
example, examining if associations of hypertensive severity to 
microvascular damage and autoregulatory loss.

We believe it is also crucial for respective clinicians to advocate 
and implicate hypertension prevention and intervention into their 
subspecialty practice. Thus, we believe it is important for clinicians 
involved in neurological care (e.g., neurologists, neurosurgeons, 
neuroradiologists, and neuropsychologists) to recognize the 
gravity of hypertension to the morbidity and mortality of their 
patients. Specialty clinicians must begin to change their perceived 
role in patient management from treatment and symptom 
reduction to complication prevention and on-going optimization 
of BP. We also suggest researchers and clinicians to begin to identify 
current clinician knowledge, perception, and concerns regarding 
hypertension. This will allow barriers, limitations, and potential 
solutions to the integration of hypertension care to be identified. 
In hopes to create an appropriate standardized guidelines of the 
role of each specialist to the management of hypertension.

This review is to provide a broad umbrella of up-to-
date knowledge and recommendations for patients, health 
professionals, health service providers, and researchers in the 
context of rapidly developing vascular knowledge. Furthermore, 
the knowledge we present is focused on the unidirectional direct 
impact of arterial hypertension toward neural complications. 
We iterate that the relationship of arterial hypertension 
and neurological/neurosurgical conditions is increasingly 
understood to be bi-directional. Future research should explore 
the complex and unique impact of neurological/neurosurgical 
conditions to arterial hypertension.
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Appendix 1: Medline (OVID) search criteria
S1 Intracranial hypertension/or hypertension.mp. or essential 

hypertension/or hypertension/or hypertension, malignant/or 
hypertension. mp

S2 (hypertension or “arterial hypertension” or “hypertension in 
neurosurgery” or “hypertension in neurology”).m_titl.

S3 1 or 2

S4 (neurology or neurosurgery or “neurological surgery” or 
“surgical neurology” or cerebrovascular).m_titl.

S5 Cerebrovascular.mp. or cerebrovascular trauma/or 
cerebrovascular disorders/

S6 neurosurgery.mp. or Neurosurgery/

S7 neurology.mp. or Neurology/

S8 4 or 5 or 6 or 7

S9 Cerebral small vessel diseases/or “small vessel disease”.mp.

S10 (microvascular or “small vessel disease” or “cerebral small 
vessel disease” or microneurosurgery or microaneurysm or 
“microvascular brain damage” or microaneurysm).mp.

S11 (PRES or “posterior reversible encephalopathy syndrome” 
or “hypertensive encephalopathy” or “hypertensive crisis” or 
“hemorrhagic stroke” or “hemorrhagic stroke” or AVM or 
“arteriovenous malformation”).mp.

S12 9 or 10

S13 11 or 12

S14 3 and 8 and 13

S15 Limit 14 to (English language and humans and yr=“2011-
2020”)

Appendix
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Hypertensive Retinopathy

The retina provides a unique opportunity to assess the systemic 
circulation in vivo and has long been recognized as an important 
site for identifying systemic vascular changes in disorders such 
as hypertension and diabetes. The progressive changes in the 
vessels occurring in hypertension are readily visible and the 
accompanying hemorrhages, exudates and infarcts have been 
described as early as 1939 in a grading system for hypertensive 
retinopathy by Keith-Wagener-Baker (the KWB system).[1] 
More recently this has been simplified to a 3-step grading system 
by Mitchell and Wong,[2] which has been suggested to be easier 
to apply in practice [Table 1].[3,4]

The pathophysiology of sustained hypertension involves 
initially a vasoconstriction of the retinal arteries, followed 
by progressive thickening of the elastic lamina and hyaline 
degeneration.[5] This may be recognized on fundoscopy as focal 
narrowing of vessels, arteriovenous crossing changes (referred to 
as “nipping or nicking”) where the hardened artery compresses 
the vein as it crosses with a shared adventitia, and a progressive 

change in the vessel wall reflectivity termed copper wiring and 
silver wiring. With sustained hypertension, small hemorrhages, 
focal areas of infarction (“cotton-wool spots” – so-called 
because of their white appearance), as well as lipid exudates 
from break-down of the blood retinal barrier occur. Lipids can 
form a visible “macular star” pattern. These changes occur in 
the inner retinal circulation which is derived from the central 
retinal artery. The choroid, which is the deeper vascular layer of 
the eye directly beneath the retina supplying the photoreceptors, 
derives its circulation from the long and short posterior ciliary 
arteries, which branch from the ophthalmic artery. In severe 
hypertension, choroidal changes can also occur,[6,7] including 
choroidal infarcts (represented as Elschnig’s spots – seen as pale, 
yellow lesions) and pigmentation lines along the larger choroidal 
vessels (termed Siegrist streaks). Severe hypertension can also 
lead to optic disc swelling through raised intracranial pressure 
and optic disc ischemia – termed hypertensive optic neuropathy, 
and this stage has been termed “malignant hypertension.” The 
risk of stroke and systemic organ damage is high at this stage, as 
discussed below.

Abstract

The retina provides an opportunity for in vivo visualization of the microvasculature. In systemic hypertension, the retina shows 
characteristic progressive changes which have been termed hypertensive retinopathy. The extent of these changes correlates 
with increased risk of systemic cardiovascular disorders. In addition, hypertension itself is a risk factor for several ocular disorders 
including retinal artery and vein occlusion, anterior ischemic optic neuropathy, and microvascular oculomotor nerve palsies. 
Glaucoma has been associated with both hypertension and hypotension, with the implication that over-treatment of blood pressure 
may be detrimental to glaucomatous optic neuropathy. The retinal arteries and veins can be imaged and their diameters estimated 
to provide an index that may be used as a marker for systemic vascular change. Dynamic changes in vessel diameter can be recorded 
with video-imaging with the aim of assessing arterial stiffness, while optical coherence tomography angiography (OCT-A) provides 
a new non-invasive technique to assess the microvascular density. Here, we review links between retinopathy and both systemic and 
ocular disease, and some of the techniques for assessing retinal vessels.
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While the classification of the severity of the hypertensive 
retinopathy provides a guide as to the severity of the likely 
systemic manifestations, hypertension itself is also linked to 
several pathological disorders within the eye, most of which 
are vision threatening. Therefore, recognition of hypertensive 
changes and the initiation or upregulation of treatment are 
useful for both managing the general cardiovascular health of 
the patient and preventing ophthalmic complications. Figure 1 
shows a case of hypertensive retinopathy.

Retinopathy and Systemic Risk

The presence of hypertensive retinopathy has been linked 
to increased risk of cardiovascular disease including stroke, 
congestive heart failure, and incident coronary artery disease.[8-10] 
Moderate retinopathy was associated with up to 4-fold risk of 
stroke,[9] while retinal microvascular changes indicated a higher 
risk of cerebral atrophy.[11] The relationship of retinopathy with 
coronary artery disease is less clear, but several studies support 
an association[8,10] which is not unexpected given the known 
association between hypertension and cardiovascular mortality. 
Early retinopathy signs may be more valuable in younger 
populations (<55 years) with an association demonstrated with 
target organ damage that was not shown in the older cohort 
of the study.[3] This may be because retinopathy signs become 
attenuated in the elderly.

Hypertensive retinopathy has been associated with target 
organ damage such as renal impairment and left ventricular 
hypertrophy.[12,13] Retinal microvascular changes have also been 
associated with cognitive decline, brain white matter lesions, 
and possibly prevalence of dementia. However, epidemiological 
studies pertaining to dementia have had variable conclusions, 
complicated by different definitions, sample cohorts, and the 
inclusion of both diabetic and hypertensive retinopathy in the 
analysis. For example, the Cardiovascular Health Study found 
that retinopathy was associated with dementia only in subjects 
with hypertension or without diabetes.[14] The Rotterdam Study 
reported an association of retinopathy and prevalent dementia 

in the whole population with no difference between presence or 
absence of hypertension and diabetes.[15] The AGES-Reykjavik 
Study suggested that retinopathy was associated with vascular 
dementia but not with all-cause dementia or Alzheimer’s 
Disease.[16] Therefore, while it is reasonable to conclude that 
retinopathy reflects systemic vascular disease which may be 
associated with increased risk of dementia, at present it cannot 
be concluded that the microvascular signs are predictive or 
diagnostic for the disease process.

Hypertension and Ophthalmic Disorders

Central and branch retinal vein occlusions

A widely recognized and common association with hypertension 
is the development of retinal vein occlusions, including central 
retinal vein occlusion (CRVO) and branch retinal vein occlusion 
(BRVO).[17-19] In BRVO, the arteriovenous crossing changes 
provide a site for compression and focal vascular damage due 
to the shared adventitial sheath. These can be large quadrantic 
occlusions or may only involve smaller branches. CRVO 
affecting the main trunk of the central retinal vein at the optic 
nerve head produces more profound visual loss, is more likely 
to produce macular edema, and can produce more widespread 
ischemia. Many BRVOs and CRVOs will resolve spontaneously 
and remain non-ischemic, but both can be associated with 
significant ischemia increasing the risk of neovascularization, 
with secondary retinal and vitreous hemorrhage, and eventual 
neovascular glaucoma. Ischemic CRVO is the most problematic 
and often requires pan-retinal photocoagulation and intravitreal 
anti-vascular endothelial growth factor (VEGF) injections. 
While clinical trial evidence is lacking for anti-hypertensive 
therapy providing an improved prognosis, to reduce the risk of 
occurrence in the fellow eye, it is recommended that subjects 
have a full cardiovascular work-up as several other systemic risk 

Figure 1: Fundus photo from patient with moderate hypertensive 
retinopathy showing arteriovenous crossing changes (nipping) 
particularly evident at the inferior optic disc region (white arrows), 
with scattered hemorrhages (black arrowheads). Image courtesy Dr. 
Amy Pai

Table 1: Classification of hypertensive retinopahy
A. Keith-Wagener-Baker classification of hypertensive retinopathy[1]

Grade Signs
1 Generalized arterial narrowing

2 Focal narrowing and arteriovenous nipping

3 As above plus hemorrhages, exudates, and cotton wool 
spots

4 As above plus optic disc swelling

B. Mitchell-Wong classification of hypertensive retinopathy[2]

Grade Signs
Mild Generalized or focal narrowing, arteriovenous nipping, 

copper/silver wiring

Moderate Hemorrhages, exudates, and cotton wool spots

Malignant As above plus optic disc swelling
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factors have been associated with vein occlusions, including 
hyperviscosity.[17]

Central and Branch Retinal Artery Occlusions

Central retinal artery occlusion (CRAO) is increased in 
subjects with hypertension,[20] and it is associated with a high 
risk of subsequent systemic events, including stroke and 
acute myocardial infarction.[21] A CRAO requires referral for 
immediate vascular work-up, and as these subjects often have 
co-existent silent ischemic infarcts[18] which can be detected on 
brain MRI. There is a high incidence of ipsilateral carotid artery 
disease.[22] Embolic disease from various causes and vasculitis 
such as giant cell arteritis can also produce a CRAO. The subject 
experiences sudden, painless loss of vision and the prognosis is 
usually poor, although some patients can be salvaged with rapid 
lowering of intraocular pressure and ocular massage. CRAO 
may be preceded by episodes of transient visual loss (amaurosis 
fugax). The classic clinical finding is the “cherry red spot” at 
the macula representing the preserved choroidal circulation, 
while the retinal circulation is markedly reduced or absent, with 
associated retinal edema. Patients with a cilio-retinal artery 
may preserve some central vision. There is an increased risk of 
neovascularization in CRAO, so patients need to be monitored 
for this, although the risk seems to be less than for ischemic 
CRVO.

Branch retinal artery occlusions (BRAO) are very frequently 
associated with emboli. The prognosis for BRAO is better than 
CRAO in that most will not have significant vison loss unless the 
residual scotoma is in the paracentral region. However, these 
subjects also have a higher risk of stroke and mortality due to 
their risk of embolic disease,[23] they should undergo carotid and 
cardiac assessment.

Anterior Ischemic Optic Neuropathy (AION)

Non-AION is a frequent cause of sudden vision loss in people 
older than 50 years of age. The exact mechanism is not known 
but it is associated with systemic hypertension[24] and is more 
prevalent in anatomically small crowded discs[25] (“the disc 
at risk”), where disc swelling secondary to ischemia leads to 
infarction of a sector of the optic nerve head, often involving the 
lower or upper half of the optic disc, producing altitudinal visual 
field loss. There are no effective treatments for the condition[26] 
but it does seem to be self-limiting. Patients with at-risk discs 
should be advised to monitor their blood pressure and other 
cardiovascular risk factors carefully.

Retinal Macroaneurysm

Retinal arterial macroaneurysm is a saccular dilation of a larger 
retinal arteriole usually within the first three bifurcations.[27] It is 
associated with systemic hypertension in 60–75% of cases.[27,28] It 
is often self-limiting with spontaneous thrombosis and resolution 

of the aneurysm, but it can be associated with sudden intra-
retinal and pre-retinal hemorrhage, exudation, and associated 
macular edema. The edema may be chronic in up to a third of 
cases.

Glaucoma

Glaucoma represents of a group of disorders that are characterized 
by progressive retinal ganglion cell loss with excavation (cupping) 
of the nerve head, producing visual field loss and eventual 
blindness. The two main sub-types are primary open angle 
glaucoma (POAG) which is a slow chronic disease, and angle 
closure glaucoma (ACG) which is associated with sudden onset 
and extremely high intraocular pressure (IOP). The common 
causative factor in both is raised IOP, but a large proportion 
of POAG patients never manifest IOP outside the normal 
range (often termed normal tension glaucoma – NTG), and 
many patients progress despite IOP lowering. It was, therefore, 
proposed that vascular factors may play a role in glaucomatous 
damage.[29,30] It appears likely that both hypertension and 
hypotension may be implicated.[31] Hypertension can cause 
long term damage to vessels and impaired autoregulation. 
Hypertension has been linked to glaucoma prevalence and to 
raised IOP,[32,33] although some studies have found contradictory 
results.[34] On the other hand, hypotension can lead to reduced 
ocular perfusion pressure (the difference between IOP and 
mean blood pressure) which could adversely affect the optic 
nerve.[35] In fact, reduced ocular perfusion pressure has now 
been accepted by the World Glaucoma Society as a risk factor 
in their Consensus document on ocular blood flow.[36] A major 
problem with many of the studies is they use blood pressure as a 
continuous variable, whereas there may be different phenotypes 
of glaucoma manifesting different pathophysiological processes 
at either end of the blood pressure scale. It has also been reported 
that systolic blood pressure variability is a more important 
parameter in POAG.[37]

Several major clinical studies have looked at vascular risk 
factors in the development of glaucoma. The Early Manifest 
Glaucoma Treatment Study found lower systolic perfusion 
pressure, lower systolic BP, and cardiovascular disease as 
predictors of progression.[38] The Barbados Eye Study found 
that low systolic BP and low ocular perfusion pressure doubled 
the risk of OAG incidence.[39] The Egna-Neumarkt Eye Study 
found an association between hypertension and glaucoma 
but also that lower diastolic BP increased risk. There was no 
relation to other systemic vascular disease.[40] The Rotterdam 
Study determined lower diastolic BP a risk factor, especially in 
treated hypertension,[41] but its most recent report did not find 
any clear link with progression.[42] The Singapore Epidemiology 
of Eye Diseases Study found that low systolic ocular perfusion 
pressure was associated with POAG and this association was in 
part secondary to low systolic blood pressure and high IOP.[43].

The Los Angeles Latino Eye Study[44] reported hypertension 
increased risk ratio (systolic 2.0 and diastolic 2.5) while 
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hypotension did also (lLow diastolic BP 1.6, low systolic 
perfusion pressure 2.9, and low diastolic perfusion pressure 
2.0). They produced a U-shaped curve for glaucoma prevalence 
based on BP with the lowest point at normotensive levels. A 
similar curve was produced by Zhao et al. in their meta-analysis 
of glaucoma and BP[33] and recently confirmed for both systolic 
and diastolic BP in the National Health and Nutrition Survey 
study.[45]

There is a recognized normal diurnal curve of BP, with a 
10% reduction at night considered physiological, usually around 
2.00–4.00 am.[46,47] In the mid 1990’s, studies by Graham[48] 
and Hayreh[49] using ambulatory BP monitoring (ABPM) 
suggested that subjects with greater nocturnal dips were more 
likely to have glaucoma and more likely to show visual field 
progression.[50] This raised implications for anti-hypertensive 
therapy, as certain anti-hypertensive agents may have a profound 
effect on nocturnal blood pressure and exacerbate the fall in BP. 
Since IOP is known to elevate at night in the supine position the 
combination would lead to reduced ocular perfusion pressure 
at night. Many studies[51] have associated large dips in blood 
pressure with both POAG and normal tension glaucoma.[52-54] 
Bowe et al. conducted a meta-analysis[55] of all studies reporting 
on 24 h ABPM in glaucoma and found a consensus of progressive 
glaucoma in those with larger nocturnal dips of blood pressure. 
The odds ratio for deteriorating visual fields over 2 years with 
nocturnal dips of >10% in systolic or diastolic BP was 3.32 
(1.84–6.00) and 2.09 (1.20–3.64), respectively.

While there is no dispute that treating hypertension is 
important, there may be potential adverse consequences in 
glaucoma from over-treating BP. The Systolic Blood Pressure 
Intervention Trial (SPRINT) found that a systolic target of 
<120 mmHg was more protective of cardiovascular complications 
than the conservative target of 140 mmHg.[56] However, in 
aiming for this there may be less margin for error, potentially 
pushing down the perfusion pressure in the eye to levels that 
could be detrimental in certain individuals, such as those with 
poor autoregulatory capacity. Notably, there were more episodes 
of hypotension and syncope in the lower target group. The more 
recent guidelines for hypertension therapy use stricter cutoffs; the 
2017 American College of Cardiology recommending a target of 
<130/80 for most hypertensive patients.[57] Given the potential 
for nocturnal hypotension particularly when medications are 
taken at night,[58] we recommend checking ABPM in glaucoma 
patients aiming for this stricter BP therapeutic target and in 
patients with progressive glaucoma despite reasonable IOP 
control. These recommendations have also been suggested by 
Leeman and Kestelyn.[59]

Association with Diabetic Retinopathy

The retinal changes occurring in diabetic retinopathy, which 
like hypertensive disease also include hemorrhages, exudates, 
and cotton wool spots, may be exacerbated by the presence of 
systemic hypertension, likely through enhanced damage to 

retinal capillary endothelial cells and impaired autoregulation.[60] 
In several early studies, hypertension was demonstrated as an 
independent risk factor[61-63] for progression of retinopathy. In 
the Beaver Dam Study, higher systolic blood pressure was also 
associated with increased diabetic macular edema. The UK 
prospective Diabetes Study[63] proposed that patients with tighter 
BP control, defined as <150/85 mmHg, showed a 34% reduction 
in diabetic retinopathy progression and were less likely to need 
laser photocoagulation for their retinopathy. However, the 
Action to Control Cardiovascular Risk in Diabetes (ACCORD) 
Study,[64] which specified even tighter BP control, did not show 
any additional benefit on progression of diabetic retinopathy. 
Laboratory studies demonstrate hypertension may enhance 
VEGF release[65,66] which is a stimulus for neovascularization – a 
feature of proliferative retinopathy. However, a recent Cochrane 
review[67] concluded that while there was evidence of blood 
pressure control reducing the 5 years incidence of diabetic 
retinopathy, there was less evidence to support treatment of 
hypertension specifically as a means of minimizing progression 
and macular edema.

Of note, both hypertension and diabetes are also risk factors 
for microvascular cranial nerve palsies, particularly 3rd and 6th 
cranial nerves supplying innervation to extraocular muscles.[68]

Vascular Imaging and Grading Techniques

Retinal imaging techniques allow for the detection and 
monitoring of hypertension associated ocular vascular changes. 
Traditional fundus photography and more recent advances in 
imaging technologies such as dynamic vessel analyzer, optical 
coherence tomography, and optical coherence tomography 
angiography have allowed for quantitative analysis of retinal 
structural and vascular changes in response to hypertension.

Analysis of retinal vascular changes relies on indices derived 
from either static or dynamic imaging. Static indices, such as 
central retinal artery equivalent (CRAE), central retinal vein 
equivalent, and the arteriovenous ratio (AVR), utilize analysis of 
fundus images to indicate retinal vascular caliber. Using the Parr-
Hubbard formula, CRAE and CRVE can be calculated using 
artery and vein diameters in an annulus 0.5–1 disc diameter 
from the rim of the optic disc. The CRAE has been shown to be 
significantly narrower in hypertensive patients compared to non-
hypertensive controls.[69-72] The link between hypertension and 
CRVE is less clear with some studies reporting venular dilation in 
hypertensive patients,[73] whilst other studies have reported that 
venular caliber is reduced in hypertensive patients compared to 
non-hypertensive controls,[74] or has no association.[72]

Adaptive optics

Adaptive optics have enhanced the potential resolution 
of standard fundus imaging to allow for qualitative and 
quantitative assessment of retinal microvasculature utilizing 
opto-electronic technology.[75] Using this technology, it has 
been possible to more accurately determine the wall to lumen 
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ratio of retinal arteries in hypertensive patients and to establish 
that hypertension correlates with an increase in the wall to 
lumen ratio[75,76] compared to non-hypertensive subjects. 
Furthermore, Rosenbaum et al.[76] reported that short-term 
use of antihypertensives in hypertensive patients resulted in 
a decrease in the retinal arterial wall to lumen ratio which was 
attributed to an increase in arteriolar internal diameter as there 
was no change to wall thickness.

Optical coherence tomography (OCT) and OCT-angiography

OCT is a non-invasive retinal imaging technique that provides 
high resolution cross-sectional images of the retina and is now 
widely used to document retinal and optic nerve pathology in 
vivo. OCT utilizes infra-red light to penetrate the retina and the 
backscattered light is used to produce high resolution images 
of the retinal layers and microstructure. Using spectral domain 
OCT, evidence of retinal thinning has been reported in patients 
with hypertension.[77-79] The average thickness of the central 
macula, peripapillary retinal nerve fiber layer, and ganglion cell/
inner plexiform layer was significantly reduced in patients with 
chronic hypertension both with and without clinical signs of 
retinopathy.[77,78] These changes are believed to be due to the 
chronic ischemia resulting from retinal microvascular changes 
that occur in hypertension.

OCT-angiography (OCTA) is a newer technique that allows 
for non-invasive visualization of the retinal vasculature without 
the need for contrast dye. This technique uses motion detected 
during the OCT scan capture to produce high resolution images 
of the retinal and choroidal vasculature. Further analysis of 
the OCTA images allows for quantification of vessel density, 
perfusion density, and the size of the foveal avascular zone. 
Studies utilizing OCTA have reported that hypertension results 
in a significant decrease in retinal vessel density particularly in 
the deep vascular plexus, decreased perfusion density, and a 
significant increase in the foveal avascular zone.[78-80] These 
results suggest that OCT and OCTA could prove to be useful 
tools for non-invasive monitoring of hypertension induced 
vascular changes. In glaucoma defects in the inner capillary 
network are identified in areas of nerve fiber damage [Figure 2]. 
Longitudinal studies may determine whether this capillary 
vascular dropout precedes nerve fiber and retinal ganglion cell 
loss (implying a potential causative role in damage) or in parallel 
secondary to reduced demand.

Dynamic Vascular Recording

The Dynamic Vessel Analyzer (DVA; Imedos Systems UG, Jena, 
Germany) software allows for analysis of dynamic changes in the 
diameter of retinal vessels from video. The eye tracking software 
helps to maintain a steady image of the retinal vessels at the optic 
nerve head to allow for detailed analysis of arterial and venous 
pulse amplitude – Figure  3 showing a frame from DVA video 
recording with vessels labeled and corresponding trace. With 
this technique the vascular dilation response to light stimulus 

Figure 2: Infrared image (a and c) and optical coherence tomography 
angiography (OCT-A) images (b and d) of the retina centered on 
the macula (a and b) and higher resolution of the optic nerve head 
(c and d) from a patient with glaucoma. Regions affected by vascular 
dropout highlighted in superotemporal nerve fiber distribution 
(asterisks, arrowheads) seen in (b) and (d) which correspond to 
structural loss of retinal fibers in a similar distribution

a

c d

b

Figure 3: Optic-disc centered fundus photo (a) with arterial (b) and 
venous (c) pulsation waveforms recorded with the Dynamic Vessel 
Analyzer (DVA). Retinal artery (A1) and vein (V2) are labeled on 
the live fundus image (a) and a 100 s recording captured. Analysis 
of the recording generates pulsation waveforms for arteries (b) and 
veins (c)

a

b

c
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can be measured, and arterial and venous pulse amplitudes 
estimated. Using DVA analysis of video, Tong et al. reported 
and association between increased apnea-hypopnea index and 
attenuated retinal vascular pulsatility in addition to decreased 
CRAE and AVR.[81]

Potential for measuring retinal pulse wave velocity

Pulse wave velocity (PWV) indicates the speed with which the 
pulse wave travels along an artery. There is a well-established 
association between PWV in larger arteries and arterial stiffness; 
the stiffer the artery, the faster the pulse wave. A variety of 
techniques have been used to attempt to determine retinal pulse 
wave velocity in humans with values ranging from 0.4 mm/s 
to 600 mm/s.[82-85] Initial studies aimed at determining retinal 
PWV used fluorescein angiography,[86] while more recent studies 
utilized the DVA,[82,83] swept source OCT,[84] and spectral domain 
OCT.[85] Although these studies vary greatly in the reported 
retinal PWV values, each of the techniques detected an increased 
velocity in older or hypertensive subjects compared young or 
normotensive control subjects. Using the DVA, Rezaeian et al. 
demonstrated that retinal PWV correlated with carotid-femoral 
PWV in elderly patients suggesting that remodeling of the retinal 
microvasculature mimics that observed in larger vessels.[87] Such 
findings warrant further studies to determine if retinal PWV can 
be used for determining arterial stiffness in vivo and if it could be 
utilized for screening or monitoring of systemic cardiovascular 
changes.

Summary

Hypertension induces characteristic retinal vascular changes 
which can be visualized and measured non-invasively. These 
changes correlate with systemic vascular disease and risk. 
Hypertension can also be associated with several vison 
threatening ocular disorders and so should be identified and 
managed in consultation between the ophthalmologist and 
the treating physician. In glaucoma both hypertension and 
hypotension may be risk factors, the latter from over-treatment 
with anti-hypertensives.
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Introduction

There is currently no cure for Alzheimer’s disease (AD) or most 
other forms of age-related dementia, despite several decades of 
research. Therefore, especially in the case of AD, the focus has 
moved to modifiable risk factors. Hypertension, during mid-
life has been associated with an increased risk of later cognitive 
decline and dementia, mainly vascular dementia and now also 
AD.[1] This review discusses how hypertension is measured, 
current pharmacological treatments, exercise as a treatment, 
and the potential of such treatments in reducing dementia risk. 
Furthermore, the advantages of multidomain, lifestyle-based 
preventative measures to reduce dementia risk are highlighted.

What is Hypertension?

Until recently, hypertension was defined as a chronic blood 
pressure (BP) equal to or greater than 140/90 mm Hg. High 
BP can lead to serious health problems such as stroke, kidney 
disease, heart attack, or heart failure.[2] However, the guidelines 
concerning treatment options, which depend on associated risk 
factors, age, and the presence of comorbid conditions, have 
made this definition inadequate.[3] Most analyses concerning 
hypertension and treatment options investigate the risk of major 
cardiovascular events or death in the next 5 years; yet for many, 
there are clearly risks of being in what was considered the high 
normal range (130/85–139/89 mm Hg), as most people who 
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have heart attacks or strokes do not quite meet this original 
definition of hypertension. In 2018, the American College of 
Cardiology and the American Heart Association Task Force on 
Clinical Practice Guidelines redefined hypertension to a lower 
BP threshold, of 130/80 mm Hg.[4]

In addition to the cardiac risks and potential of kidney 
damage, hypertension has been known for many years to be 
linked to cognitive decline, and this added risk provides yet 
another reason for people to maintain their BP in the normal 
range, either by pharmacological or non-pharmacological 
means.[5,6] Furthermore, as described below, the strongest links 
to age-related cognitive decline (manifesting from the sixth 
to ninth decade) have been to hypertension in middle-age (in 
the fourth to fifth decade),[7-9] thus well outside the 5-year time 
frame of most studies, partly explaining why this association has 
been hard to establish.

Measuring BP

The standard method used to measure BP is on the brachial 
artery.[10] Recent research concerning potential physiological 
nuances of the multiple components of BP, such as systolic BP 
(SBP), diastolic BP (DBP), pulse pressure (PP), mean BP, and 
central BP have led to doubts about the accuracy and relevance 
of brachial artery BP. This is of concern as most clinical trials of 
BP-reducing drugs have used the brachial artery as their means 
of determining drug effectiveness. Using the brachial artery 
does not reliably represent central aortic pressure, which is the 
pressure against which the heart pumps blood.[11] Although 
the DBP decrease has been shown to be minimal from central 
to peripheral vessels (<2 mm Hg), the drop in brachial artery 
BP can be as much as 12 mm Hg and the PP can drop up to 
14 mm Hg.[12,13] These differences are important, as cardiovascular 
mortality can be more strongly related to aortic compared to 
brachial BP.[12,13] Studies have found that a wide variation in 
the brachial-aortic SBP difference occurs between patients with 
similar brachial SBP, finding that 64% of people with normal 
brachial BP have central SBP at the hypertension class 1 level.[14] 
Just as importantly, anti-hypertensive drugs can exert differential 
effects on brachial and central pressure.[13] Thus, the use of the 
brachial artery for monitoring effects of hypertension on central 
organs may be sub-optimal on many levels. To complicate this 
further, reviews of long-term BP measurement have concluded 
that BP variability, from day to day, or week to week, influences 
cardiovascular events and cardiovascular mortality risk.[15] A 
recent study has similarly shown that a large BP variation over a 
period of years is associated with an increased long-term risk of 
dementia.[16] This adds to the evidence that maintaining a healthy 
BP from middle-age onward is critical to long-term health.

Pharmacological Treatments for Hypertension

There are several classes of anti-hypertension treatments, 
including angiotensin-converting enzyme inhibitors (ACEI), 

angiotensin receptor blockers (ARB), calcium channel blockers 
(CCB), beta-blockers, diuretics, neprilysin inhibitors, and other 
agents. Due to different modes of action, each class has a different 
effect on central BP. For example, ACEIs, ARBs, CCBs, and 
nitrates appear to have greater beneficial effects on central SBP 
and PP than beta-blockers, despite their similar effects on brachial 
BP.[17] Therefore, for a similar drop in (brachial) BP, the different 
anti-hypertension treatments can have different outcomes in 
clinical trials, for example, concerning cardiovascular mortality. 
They also have different effects on other aspects of metabolism, 
in fact the Losartan Intervention for Endpoint Reduction in 
Hypertension, Anglo-Scandinavian Cardiac Outcomes Trial, 
and Conduit Artery Function Evaluation trials demonstrated 
that beta-blockers had adverse effects on metabolism, which 
increased the risk of diabetes type II, including impaired glycemic 
control, lower high density lipoprotein-cholesterol, and higher 
triglycerides.[18-20]

Exercise as a Treatment for Hypertension

According to the statistics in the United States, nearly 50% of 
Americans have high BP, using the redefined hypertension 
definition, and normotensive people at age 55 have a 90% 
risk developing hypertension during their lifetime.[21,22] Such 
statistics, which may be indicative of levels in many western 
countries, underscore the need to promote preventative 
measures to reduce such prevalence of what is the most common 
and costly, yet preventable, risk factor for cardiovascular 
disease.[23] Although a systematic review in 2008 did not find 
consistent conclusive evidence of improvements in BP following 
exercise,[24] more recent studies have added considerable 
evidence to show such benefits.[22] In 2018, the American College 
of Cardiology and American Heart Association Task Force on 
Clinical Practice Guidelines redefined hypertension to a lower 
BP threshold, of 130 mm Hg for SBP and 80 mm Hg for DBP.[4] 
The previous Joint National Committee 7 threshold consisted of 
140 mm Hg for SBP and 90 mm Hg for DBP. It has been stated 
that almost all of the new cases of hypertension (using the new 
definition of 130/80 mm Hg) should be able to reduce their BP 
without medication, and instead use lifestyle modifications such 
as exercise.[4] The updated review on the use of physical activity 
in the prevention and treatment of hypertension concluded that 
there was strong evidence that physical activity could reduce 
BP amongst all adults tested (hypertensive, pre-hypertensive, 
and normotensive). Those subjects with hypertension showed 
the largest gains (largest drop in BP), followed by those defined 
as pre-hypertensive.[22] Other studies have since indicated that 
the quoted drops in BP should translate to significantly reduced 
levels of cardiovascular disease and stroke.[25,26]

Previously, aerobic and dynamic resistance exercise training 
had been shown to be beneficial by providing a small but 
clinically significant reduction in BP, with the greater evidence 
concerning aerobic exercise. The more recent review reported 
moderate evidence of similar reductions of hypertension with 
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either aerobic exercise or dynamic resistance exercise training 
(or a combination of the two).[22] It was also shown that other 
forms of physical activity are beneficial in lowering BP; however, 
the evidence is currently limited. With such a positive outcome 
expected, it is unsurprising that exercise is being encouraged 
and investigated further as a preventative measure for reducing 
cognitive decline, as hypertension itself, as well as cardiovascular 
disease and stroke have all been linked to forms of dementia, 
including AD.[7,27-29]

Hypertension and Cognitive Decline

Many studies and extensive reviews of observational studies 
have concluded that cognitive decline and dementia are linked 
to hypertension, particularly mid-life hypertension.[1,30,31] In 
the 6th and 7th decade, hypertension has been linked to poorer 
overall cognitive function as well as decline.[1,32,33] The level of 
hypertension also appears to be important. For example, in a 
clinical trial, keeping BP under tight control at 120/80 mm 
Hg was found to reduce incidence of dementia, compared 
to just keeping BP under systolic levels of 140 mm Hg.[34] 
The strongest links, however, as mentioned earlier, seem to 
be in people who have had hypertension for a long time, or 
who have had the longest period of time between the initial 
diagnosis of hypertension, and the later development of 
cognitive problems.[8,35,36]

Not all studies agree, however, as studies of the very 
elderly have shown that (untreated) high BP is associated with 
reductions in cognitive decline.[37,38] It has been suggested 
that age-related changes in the vascular system might explain 
the different response in the very elderly. Since the strongest 
relationships between hypertension and cognitive decline 
appear to be related to duration of hypertension, especially if 
hypertension started in midlife, this suggests long-term vascular 
damage may be involved.[8,35,36] If this is the case, a strong 
relationship between hypertension (newly) diagnosed in the 
very elderly, and cognitive decline, would be unlikely.

The variety of anti-hypertensive treatments and their 
modes of action are likely to influence their effectiveness in 
reducing dementia risk. One retrospective study compared 
rates of AD diagnosis in over 1.3 million users of six different 
anti-hypertensive drug treatments, with the users aged 65 
years or older. It was found that treatments targeting the renin-
angiotensin system (RAS), particularly ARBs, were slightly more 
protective against onset of AD than non-RAS treatments.[39]

A review by Hughes and Sink[40] summarizes the current 
knowledge concerning the links between cognitive decline and 
hypertension to a few main points: (1) Longitudinal studies 
have shown mid-life high BP is linked to increased incidence of 
cognitive decline and dementia later in life, (2) this association 
is not as clear from cross-sectional studies of hypertension and 
cognition in the elderly, (3) randomized controlled trials of 
anti-hypertensive treatments have not shown clear-cut benefits 
concerning cognition, (4) studies at midlife have indicated the 

duration of hypertension and its associated arteriosclerosis 
(thickening and stiffening of the arteries) are linked to cognitive 
decline, and (5) greater Abeta (Aβ) amyloid deposition and 
cerebrovascular disease, pathologies seen in AD, and dementia, 
are reported to occur in hypertensive older adults.[40,41] It 
has been known for some time in fact, that both Aβ amyloid 
deposition (a hallmark feature of AD brains) levels and the 
number of neurofibrillary tangles (another hallmark pathology 
of AD) are greater in patients with high BP,[42] as well as 
atherosclerosis.[40,43] Furthermore, in post-mortem studies of 
people with normal age-related neuropathology as well as people 
with non-complicated AD pathology, those who had been on 
anti-hypertensive medications were found to have less plaques 
and neurofibrillary tangles than those who had not received 
treatment for hypertension, though not less than those who had 
not had hypertension.[44]

Hypertension, Cognition, and Pathological 
Mechanisms

Hypertension has been shown to affect brain structure – recent 
advances in neuroimaging methods have led to the findings that 
high BP, particularly in mid-life, is linked to cerebral atrophy, 
white matter microstructural damage, and cerebral small vessel 
disease.[5,45,46] This is believed to be the result of endothelial 
dysfunction and/or vessel wall remodeling.[5] The higher BP 
leads to hypertrophic remodeling of the vascular media and 
smooth muscle cells, leading to reduction in lumen diameter, 
which in turn leads to increased vascular resistance and vessel 
wall stiffening. This eventually leads to reduced numbers 
of downstream capillaries, and in the brain, which needs 
continuous perfusion; this can lead to hypoperfusion at times 
when BP is reduced.[47,48] Lower blood flow (oligemia) can lead 
to oxidative stress, acidosis, reduced oxygen delivery, and unmet 
glucose demands, which have all been shown to reduce neuronal 
function.[47-50] In addition, a recent review concluded that chronic 
inflammation (a known risk factor for AD) triggers oxidative-
nitrosative stress, which over a long period of time damages 
fatty acids, proteins, DNA, and mitochondrial function.[50] Over 
time, this leads to dysfunctional energy metabolism, endothelial 
dysfunction, and blood brain barrier disruption, which in turn 
leads to decreased cerebral perfusion and chronic glucose 
hypometabolism.[50] Most of these changes have also been linked 
to increased production of Aβ peptides, Aβ amyloid deposition, 
activation of the receptor for advanced glycation end (RAGE) 
products, and increased tau phosphorylation – all pathologies 
found in AD.[51-54]

Hypertension is often seen in association with other 
conditions common from middle age onward such diabetes type 
II. In people with both conditions, SBP increases linearly with 
age, whereas DBP declines curvilinearly from as early as 45 years 
of age, together suggesting the development of increased arterial 
stiffness. Subjects with both conditions have additive effects 
on arterial stiffness, and some studies have suggested this is 
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linked to increased risk of dementia.[55] Reviews of clinical trials, 
epidemiological data, and other studies support this concept as 
they have concluded that arterial stiffness is a sensitive predictor 
of cognitive impairment,[5,56] in fact it has been found that 
increased arterial stiffness is more useful in predicting cognitive 
decline in healthy subjects, than BP itself.[57] In support of a 
link with AD in particular, a recent study of subjects with mild 
cognitive impairment (MCI) and dementia revealed associations 
between higher levels of certain forms of arterial stiffness (as 
measured by pulse wave velocity) and lower brain volume in 
areas highly affected in AD, higher brain Aβ amyloid deposition 
levels as determined by florbetapir-PET scans, and higher white 
matter hyperintensity.[58] The associations were strongest in 
individuals with MCI. Interestingly, it has also been shown that 
education attainment appears to moderate the effects of central 
artery ageing (including higher aortic stiffness and central BP) 
on cognitive performance in middle-aged and older adults.[59] 
This is similar to higher education and occupation levels being 
linked to cognitive reserve, protecting against development of 
dementia.[60]

Studies have also investigated the relationship between 
hypertension and sleep disturbances.[61-63] Sleep apnea and sleep 
deficiency are known as symptoms of several neurodegenerative 
diseases, including AD, yet a causative role is emerging, and sleep 
impairments are now considered as risk factors for dementia.[64] 
For example, recent studies have found higher levels of biomarkers 
(such as homocysteine, clusterin, acute-phase proteins, Aβ, and 
inflammatory cytokines) of both AD and vascular dementia 
in people with obstructive sleep apnea.[65,66] In one recent 
study of an older population considered at risk of dementia, 
reduced cortical thickness was found to be linked to oxygen 
desaturation; though conversely, increased hippocampal and 
amygdala volumes were associated with sleep disturbances,[67] 
with the authors concluding that further sleep studies in such 
dementia high risk groups are required. Inadequate sleep has 
also been associated with oxidative stress and homocysteine 
levels,[68] both of which are risk factors for cognitive decline and 
AD. Such findings are relevant here as sleep apnea is strongly 
associated with hypertension, and further studies into the 
pathophysiological mechanisms linking hypertension, sleep 
disturbances, and dementia are needed. Sleep apnea is also 
readily treatable, providing an avenue to delay dementia onset.

Hypertension Treatments and Cognitive Decline

As hypertension has shown significant links with later cognitive 
decline, it would be expected that treatments to control BP 
would reduce incidence of dementia, however, as mentioned 
above, studies of hypertension treatments have not shown 
clear-cut conclusions concerning this potential treatment effect. 
One reason often mentioned that may explain this apparent 
discrepancy is that cognitive measures have almost always been a 
secondary measure, not a primary outcome of a trial, and studies 
of hypertension treatments are rarely of the longitudinal type 

required to determine any effect on risk of cognitive decline 
or dementia, many years later.[69,70] The differences between 
the effects of the classes of antihypertensive treatments also 
make comparisons of such treatments difficult. Furthermore, 
treatments for hypertension are now rarely prescribed alone; 
for example, lipid-lowering statins are often given together 
with antihypertensive treatments, which further limits the 
interpretation of the beneficial effects of anti-hypertensives in 
preventing or delaying cognitive decline.

Nevertheless, there is considerable evidence that 
hypertension is linked to later cognitive damage, as recent 
systematic reviews of both longitudinal and cross-sectional 
studies show that antihypertensive drugs, particularly CCB and 
RAS blockers, may be beneficial in preventing cognitive decline 
and dementia.[40,69-71] However, these studies conclude that there 
is still a need for more clinical trials where the primary aim is to 
discover whether anti-hypertensive treatments can reduce the 
risk of cognitive decline and dementia.[40,69-71]

Exercise and Dementia

A Cochrane systematic review in 2008 concluded that aerobic 
exercise improved aspects of cognitive function in healthy older 
adults, particularly in the areas of cognitive speed, delayed 
memory functions, auditory and visual attention, as well as 
motor function. Cardiovascular fitness also improved with the 
exercise, and although it would seem likely this was responsible 
for the improved cognition, there was no clear evidence that this 
was the case, and as such, it was considered that any exercise 
might achieve the same changes.[72] The variety of exercise 
interventions, the types of neurological disorders being tested, 
the different cognitive tests carried out, and the relatively short 
time span of most of these studies have all limited the progress 
in this research to some extent.[73] A more recent Cochrane 
review of 12 clinical trials (8–26 weeks long) also found little 
evidence of cognitive benefit in healthy older adults over 55, 
even if cardiorespiratory fitness improved.[74] Again, the range of 
study formats may have limited the chance of significant overall 
findings and in most (if not all) cases, cognitive changes were 
secondary outcome measures.

In non-hypertensive populations, some studies and meta-
analyses have indicated that acute exercise improves executive 
function, for example speed of processing,[75-77] and may also 
improve memory.[75,76] More recently, moderate to vigorous 
exercise was found to produce significant benefits to executive 
function and memory,[78] and acute aerobic exercise was found 
to improve certain cognitive functions in both hypertensive 
and non-hypertensive middle-aged adults.[79] Another recent 
study has shown that resistance exercise in subjects with MCI 
can protect AD-vulnerable regions of the hippocampus from 
degeneration.[80] In the study of acute aerobic exercise above,[79] 
it was noted that many of the hypertensive subjects were on anti-
hypertension medications, which are likely to have attenuated 
differences between the groups, with varying degrees of 
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influence, due to the different types of anti-hypertensive drugs 
being taken.

Hypertension is common from middle age onward, and 
aerobic exercise is highly recommended as a method to reduce 
BP.[81] As mentioned earlier, there is mounting evidence of 
strong links between long-term high BP and associated artery 
damage and stiffening, and the development of dementia later 
in life,[30,31,40,82] yet there is a paucity of data demonstrating a 
direct effect of exercise on cognitive function and/or decline 
later in life, in subjects with hypertension. The length of 
clinical trials needed to provide conclusive evidence may be 
prohibitively long. Nevertheless, the considerable knowledge of 
links between hypertension and later cognitive decline has led 
healthcare professionals to promote aerobic exercise to reduce 
BP, with the aim of maintaining cognitive health.[83,84] A recent 
international consortium across 15 countries in 5 continents, 
the Cohort Studies of Memory in an International Consortium 
collaboration cohort study, found that vigorous physical activity 
was associated with better cognitive performance,[85] along with 
higher levels of education. The same study highlighted how 
other individual modifiable risk factors can influence study 
results, as declines in at least one cognitive outcome were 
shown to be associated with current smoking status, diabetes, 
and history of stroke.

Multi-factorial Lifestyle Changes

We have discussed evidence of positive cognitive outcomes 
following aerobic exercises and resistance training in aged 
cohorts, and it is likely that these benefits result at least partly 
from a reduction in hypertension. Healthy ageing, longevity, and 
a reduced risk of dementia have also been linked to diet – another 
modifiable lifestyle component. The traditional Mediterranean 
diet (MeDi) and Okinawan diet have both been associated 
with longevity.[86-88] More recently, aspects of the MeDi and the 
Dietary Approaches to Stop Hypertension (DASH) diet have 
been combined to form the MIND diet, with the specific aim 
to promote brain health. The MeDi, Okinawan diet, DASH, 
and MIND diets all emphasize the intake of a variety of fruits 
and vegetables, fish, whole grains, and healthy fats, while having 
a low intake of saturated fat, processed foods, added sugar, 
and little or no red meat or processed meats. Epidemiological 
studies and more recent clinical studies have provided evidence 
that the MeDi and MIND diets can reduce aspects of cognitive 
decline.[89-91]

Until quite recently, most preventive interventions have 
been tested in small groups, with studies focusing on only one 
lifestyle factor. Many of these studies have yielded negative 
or modest results. The etiology of AD dementia is considered 
to be multifactorial and multidomain interventions that 
simultaneously target several risk factors and mechanisms 
might be the strategy for optimal preventive effects, as discussed 
in a recent review.[92] With the Lancet Commission recently 
indicating that up to one third of AD and related dementias 

may be delayed or prevented with reductions in modifiable risk 
factors, the optimization of lifestyle modifications to reduce such 
risk factors is urgently needed.[93]

In the last 10 years, several ambitious multidomain lifestyle 
intervention studies to prevent cognitive decline have yielded 
encouraging results. Some studies combined regular exercise 
and healthier diets, for example, the Washington Heights-
Inwood and Columbia Aging Project and Exercise and 
NutritionaL Interventions for coGnitive and Cardiovascular 
HealTh Enhancement (ENLIGHTEN) trial, with the combined 
lifestyle changes showing greater benefits than the individual 
components.[94,95] ENLIGHTEN investigated the benefits 
of aerobic exercise, the DASH diet, or a combination of both, 
in a cohort of sedentary people aged 55 or over, with vascular 
cognitive impairment though no dementia. Interestingly, the 
DASH diet groups in the study, and not the exercise-only group, 
showed reduced dependence on anti-hypertensive treatments 
as a result of the intervention.[96] Conversely, improved aerobic 
fitness and lower sodium intake were associated with improved 
executive functioning in this study.[96] Other studies have 
investigated physical exercise in combination with brain training 
exercises. For example, a study using a cohort of healthy older 
adults which tested physical activity (a combined walking and 
resistance training program), a computerized brain training 
program (through Posit Science) and a combination of both, 
discovered that the combination improved cognition and 
cerebral glucose metabolism.[97] A more recent pilot clinical 
trial which tested an interactive physical and cognitive exercise 
program (iPACESTMv2.0) reported significant improvements 
in executive function[98] and that the improvements were 
associated with changes in levels of the salivary metabolic 
biomarkers cortisol and insulin-like growth factor-1.

The multi-domain Alzheimer preventative trial (known as 
MAPT) investigated the effect of physical activity counseling 
(Advice to engage in 150 min of moderately intensive physical 
activity per week), nutrition counseling, cognitive training, 
and preventative consultations in a cohort of adults aged 70 
or over, with subjective memory complaints. Participants 
also received either an omega-3-polyunsaturated fatty acid 
supplement or placebo.[99] Only those participants in the 
intervention group who were also taking the supplements 
demonstrated significant improvements, in the Mini-Mental 
State Examination (cognitive impairment questionnaire) 
scores. The ENCORE (Exercise and Nutritional Interventions 
for Cardiovascular Health) study investigated the effect of 
aerobic exercise, following the DASH diet and the combination 
of the two on BP and metabolic outcomes in an overweight 
middle-aged cohort. The DASH diet resulted in lower BP, and 
the addition of exercise and weight loss resulted in even greater 
BP reductions.[100] The combined treatment also improved 
the secondary outcome measures of executive functioning, 
learning, and memory.[101]

The ambitious Finnish Geriatric Intervention Study to 
Prevent Cognitive Impairment and Disability[102] trial combined 
regular aerobic exercise, aspects of the MeDi and DASH diets, 
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a computerized brain training program, and regular health 
monitoring.[103,104] In their cohort of adults aged 60–77, with 
cardiovascular risk factors and some evidence of neurocognitive 
weakness based on the CERAD test battery, this study provided 
evidence of neurocognition improvements resulting from 
the 2-year intervention. Cardiorespiratory fitness was found 
to associate most strongly with the observed neurocognitive 
improvements in executive function and processing speed 
(but not memory).[105] This study has initiated a world-wide 
FINGERS collaborative network of trials, to replicate the study in 
many countries with the aim of validating the results in different 
populations and cultures.[102] Studies are already underway or 
being planned in the USA (US-POINTER), Australia (AU-
ARROW), Singapore (known as SINGER), China (MIND-
CHINA), and other countries (for further information see 
http://wwfingers.com).

The aforementioned multimodal intervention studies, mostly 
ongoing or completed in the last 10 years, have demonstrated 
that changes to multiple aspects of lifestyle are providing health 
improvements in various domains, delivering benefits to the 
cardiovascular system, metabolism, and cognitive health. The 
promotion of such lifestyle changes, particularly to middle-aged 
and older adults, would be a valuable preventative strategy to 
both improves the quality of life of ageing populations and to 
reduce the burden on public health departments, hospitals and 
carers.

Conclusions

Hypertension is a major risk factor for many chronic diseases 
and serious health events. It affects more than 40% of adults 
worldwide and is associated with stroke, myocardial infarction, 
heart failure, and other cardiovascular diseases. It has also 
been shown to cause functional and structural damage to the 
brain, which increases the risk of cognitive impairment and 
dementia. Vascular structural changes, endothelial dysfunction, 
and sympathetic overstimulation have been described as 
the major contributing factors to the pathophysiology of 
hypertension.[106,107] Exercise has been shown to be an effective 
component of nonpharmacological interventions for BP control. 
The type and frequency of exercise that may be needed to be 
effective in BP management are currently being investigated, 
both to understand the physiology behind the improvements, 
as well as to find the most effective individual exercise 
“prescriptions.” More recently, clinical trials of multidomain 
lifestyle interventions that include for example exercise, diet 
modification, brain training exercises, medical counseling, and 
encouragement of social engagement, are showing considerable 
promise, both in the preservation of certain cognitive function 
domains, as well as in the improvement of cardiovascular, and 
metabolic risk factors. The benefits of such trials will be far-
reaching, by providing a pathway for improving the quality of 
life for the ageing population as well as reducing public health 
costs.

References

1.	 Walker KA, Sharrett AR, Wu A, Schneider AL, Albert M, 
Lutsey PL, et al. Association of midlife to late-life blood pressure 
patterns with incident dementia. JAMA 2019;322:535-45.

2.	 Kannel WB. Hypertension: Reflections on risks and 
prognostication. Med Clin North Am 2009;93:541-58.

3.	 Jennings GL. Relieving the pressure: New Australian 
hypertension guideline. Med J Aust 2016;205:63-4.

4.	 Whelton PK, Carey RM, Aronow WS, Casey DE Jr., Collins KJ, 
Dennison Himmelfarb C, et al. 2017 ACC/AHA/AAPA/ABC/
ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for 
the prevention, detection, evaluation, and management of high 
blood pressure in adults: Executive summary: A report of the 
American college of cardiology/American heart association 
task force on clinical practice guidelines. Circulation 
2018;138:e426-e83.

5.	 Walker KA, Power MC, Gottesman RF. Defining the 
relationship between hypertension, cognitive decline, and 
dementia: A review. Curr Hypertens Rep 2017;19:24.

6.	 Iadecola C, Gottesman RF. Neurovascular and cognitive 
dysfunction in hypertension. Circ Res 2019;124:1025-44.

7.	 Launer LJ, Ross GW, Petrovitch H, Masaki K, Foley D, 
White  LR, et al. Midlife blood pressure and dementia: The 
Honolulu-Asia aging study. Neurobiol Aging 2000;21:49-55.

8.	 Gottesman RF, Albert MS, Alonso A, Coker LH, Coresh J, 
Davis  SM, et al. Associations between midlife vascular risk 
factors and 25-year incident dementia in the atherosclerosis 
risk in communities (ARIC) cohort. JAMA Neurol 
2017;74:1246-54.

9.	 Kilander L, Nyman H, Boberg M, Lithell H. The association 
between low diastolic blood pressure in middle age and 
cognitive function in old age. A population-based study. Age 
Ageing 2000;29:243-8.

10.	 Muntner P, Shimbo D, Carey RM, Charleston JB, Gaillard T, 
Misra S, et al. Measurement of blood pressure in humans: A 
scientific statement from the American heart association. 
Hypertension 2019;73:e35-66.

11.	 Shih YT, Cheng HM, Sung SH, Chuang SY, Hu WC, Chen CH. 
Is noninvasive brachial systolic blood pressure an accurate 
estimate of central aortic systolic blood pressure? Am J 
Hypertens 2016;29:1283-91.

12.	 Safar ME, Smulyan H. Blood pressure components in clinical 
hypertension. J Clin Hypertens (Greenwich) 2006;8:659-66.

13.	 McEniery CM, Cockcroft JR, Roman MJ, Franklin SS, 
Wilkinson IB. Central blood pressure: Current evidence and 
clinical importance. Eur Heart J 2014;35:1719-25.

14.	 Sharman J, Stowasser M, Fassett R, Marwick T, Franklin  S. 
Central blood pressure measurement may improve risk 
stratification. J Hum Hypertens 2008;22:838-44.

15.	 Stevens SL, Wood S, Koshiaris C, Law K, Glasziou P, Stevens RJ, 
et al. Blood pressure variability and cardiovascular disease: 
Systematic review and meta-analysis. BMJ 2016;354:i4098.

16.	 Ma Y, Wolters FJ, Chibnik LB, Licher S, Ikram MA, 
Hofman  A, et al. Variation in blood pressure and long-term 
risk of dementia: A population-based cohort study. PLoS Med 
2019;16:e1002933.

17.	 Cheng HM, Chuang SY, Wang TD, Kario K, Buranakitjaroen P, 
Chia YC, et al. Central blood pressure for the management of 
hypertension: Is it a practical clinical tool in current practice? J 



Physical activity and dementia� Fuller, et al

Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020 139

Clin Hypertens (Greenwich) 2020;22:391-406.
18. Dahlof B, Devereux RB, Kjeldsen SE, Julius S, Beevers G, de

Faire U, et al. Cardiovascular morbidity and mortality in the
Losartan intervention for endpoint reduction in hypertension
study (LIFE): A randomised trial against atenolol. Lancet
2002;359:995-1003.

19. Dahlof B, Sever PS, Poulter NR, Wedel H, Beevers DG,
Caulfield M, et al. Prevention of cardiovascular events with an 
antihypertensive regimen of amlodipine adding perindopril
as required versus atenolol adding bendroflumethiazide as
required, in the Anglo-Scandinavian cardiac outcomes trial-
blood pressure lowering arm (ASCOT-BPLA): A multicentre
randomised controlled trial. Lancet 2005;366:895-906.

20. Poulter NR, Wedel H, Dahlof B, Sever PS, Beevers DG,
Caulfield M, et al. Role of blood pressure and other variables in 
the differential cardiovascular event rates noted in the Anglo-
Scandinavian cardiac outcomes trial-blood pressure lowering
arm (ASCOT-BPLA). Lancet 2005;366:907-13.

21. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, 
Izzo JL Jr., et al. Seventh report of the joint national committee 
on prevention, detection, evaluation, and treatment of high
blood pressure. Hypertension 2003;42:1206-52.

22. Pescatello LS, Buchner DM, Jakicic JM, Powell KE, Kraus WE, 
Bloodgood B, et al. Physical activity to prevent and treat
hypertension: A systematic review. Med Sci Sports Exerc
2019;51:1314-23.

23. Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR,
Deo R, et al. Heart disease and stroke statistics-2017 update:
A report from the American heart association. Circulation
2017;135:e146-603.

24. Committee PAGA. Physical Activity Guidelines Advisory
Committee Scientific Report 2008. Washington, DC: U.S.
Department of Health and Human Services; 2008.

25. Law M, Wald N, Morris J. Lowering blood pressure to prevent 
myocardial infarction and stroke: A new preventive strategy.
Health Technol Assess. 2003;7:1-94.

26. Law MR, Morris JK, Wald NJ. Use of blood pressure
lowering drugs in the prevention of cardiovascular disease:
Meta-analysis of 147 randomised trials in the context of
expectations from prospective epidemiological studies. BMJ
2009;338:b1665.

27. Kuzma E, Lourida I, Moore SF, Levine DA, Ukoumunne OC,
Llewellyn DJ. Stroke and dementia risk: A systematic review
and meta-analysis. Alzheimers Dement 2018;14:1416-26.

28. Peters R, Booth A, Rockwood K, Peters J, D’Este C,
Anstey  KJ. Combining modifiable risk factors and risk of
dementia: A systematic review and meta-analysis. BMJ Open
2019;9:e022846.

29. Whitmer RA, Sidney S, Selby J, Johnston SC, Yaffe K. Midlife
cardiovascular risk factors and risk of dementia in late life.
Neurology 2005;64:277-81.

30. Iulita MF, Girouard H. Treating hypertension to prevent
cognitive decline and dementia: Re-opening the debate. Adv
Exp Med Biol 2017;956:447-73.

31. Birns J, Kalra L. Cognitive function and hypertension. J Hum
Hypertens 2009;23:86-96.

32. Vinyoles E, De la Figuera M, Gonzalez-Segura D. Cognitive
function and blood pressure control in hypertensive patients
over 60 years of age: COGNIPRES study. Curr Med Res Opin
2008;24:3331-9.

33. Kuo HK, Sorond F, Iloputaife I, Gagnon M, Milberg W,
Lipsitz LA. Effect of blood pressure on cognitive functions in
elderly persons. J Gerontol A Biol Sci Med Sci 2004;59:1191-4.

34. Group SR, Wright JT Jr., Williamson JD, Whelton PK,
Snyder  JK, Sink KM, et al. A randomized trial of intensive
versus standard blood-pressure control. N Engl J Med
2015;373:2103-16.

35. Power MC, Tchetgen EJ, Sparrow D, Schwartz J, Weisskopf MG. 
Blood pressure and cognition: Factors that may account for
their inconsistent association. Epidemiology 2013;24:886-93.

36. Swan GE, Carmelli D, Larue A. Systolic blood pressure tracking 
over 25 to 30 years and cognitive performance in older adults.
Stroke 1998;29:2334-40.

37. Slavin MJ, Brodaty H, Sachdev PS. Challenges of diagnosing
dementia in the oldest old population. J Gerontol A Biol Sci
Med Sci 2013;68:1103-11.

38. Li G, Rhew IC, Shofer JB, Kukull WA, Breitner JC, Peskind E,
et al. Age-varying association between blood pressure and risk 
of dementia in those aged 65 and older: A community-based
prospective cohort study. J Am Geriatr Soc 2007;55:1161-7.

39. Barthold D, Joyce G, Wharton W, Kehoe P, Zissimopoulos  J.
The association of multiple anti-hypertensive medication
classes with Alzheimer’s disease incidence across sex, race, and 
ethnicity. PLoS One 2018;13:e0206705.

40. Hughes TM, Sink KM. Hypertension and its role in cognitive
function: Current evidence and challenges for the future. Am J 
Hypertens 2016;29:149-57.

41. Wahidi N, Lerner AJ. Blood pressure control and protection of 
the aging brain. Neurotherapeutics 2019;16:569-79.

42. Petrovitch H, White LR, Izmirilian G, Ross GW, Havlik RJ,
Markesbery W, et al. Midlife blood pressure and neuritic
plaques, neurofibrillary tangles, and brain weight at death:
The HAAS. Honolulu-Asia aging Study. Neurobiol Aging
2000;21:57-62.

43. Beach TG, Wilson JR, Sue LI, Newell A, Poston M, Cisneros R, 
et al. Circle of willis atherosclerosis: Association with
Alzheimer’s disease, neuritic plaques and neurofibrillary
tangles. Acta Neuropathol 2007;113:13-21.

44. Hoffman LB, Schmeidler J, Lesser GT, Beeri MS, Purohit DP,
Grossman HT, et al. Less Alzheimer disease neuropathology
in medicated hypertensive than nonhypertensive persons.
Neurology 2009;72:1720-6.

45. Firbank MJ, Wiseman RM, Burton EJ, Saxby BK, O’Brien JT,
Ford GA. Brain atrophy and white matter hyperintensity
change in older adults and relationship to blood pressure.
Brain atrophy, WMH change and blood pressure. J Neurol
2007;254:713-21.

46. Gianaros PJ, Greer PJ, Ryan CM, Jennings JR. Higher
blood pressure predicts lower regional grey matter volume:
Consequences on short-term information processing.
Neuroimage 2006;31:754-65.

47. Muller M, van der Graaf Y, Visseren FL, Mali WP, Geerlings MI, 
Group SS. Hypertension and longitudinal changes in cerebral
blood flow: The SMART-MR study. Ann Neurol 2012;71: 
825-33.

48. Duschek S, Schandry R. Reduced brain perfusion and
cognitive performance due to constitutional hypotension. Clin 
Auton Res 2007;17:69-76.

49. Moonga I, Niccolini F, Wilson H, Pagano G, Politis M,
Alzheimer’s Disease Neuroimaging I. Hypertension is



Fuller, et al� Physical activity and dementia

140� Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020

associated with worse cognitive function and hippocampal 
hypometabolism in Alzheimer’s disease. Eur J Neurol 
2017;24:1173-82.

50. Daulatzai MA. Cerebral hypoperfusion and glucose
hypometabolism: Key pathophysiological modulators promote 
neurodegeneration, cognitive impairment, and Alzheimer’s
disease. J Neurosci Res 2017;95:943-72.

51. Li L, Zhang X, Yang D, Luo G, Chen S, Le W. Hypoxia increases 
Abeta generation by altering beta- and gamma-cleavage of
APP. Neurobiol Aging 2009;30:1091-8.

52. Gentile MT, Poulet R, Di Pardo A, Cifelli G, Maffei A,
Vecchione   C, et al. Beta-amyloid deposition in brain is
enhanced in mouse models of arterial hypertension. Neurobiol 
Aging 2009;30:222-8.

53. Qiu L, Ng G, Tan EK, Liao P, Kandiah N, Zeng L. Chronic
cerebral hypoperfusion enhances Tau hyperphosphorylation
and reduces autophagy in Alzheimer’s disease mice. Sci Rep
2016;6:23964.

54. Shih YH, Wu SY, Yu M, Huang SH, Lee CW, Jiang MJ,
et al. Hypertension accelerates alzheimer’s disease-related
pathologies in pigs and 3xTg mice. Front Aging Neurosci
2018;10:73.

55. Smulyan H, Lieber A, Safar ME. Hypertension, diabetes
Type II, and their association: Role of arterial stiffness. Am J
Hypertens 2016;29:5-13.

56. Li X, Lyu P, Ren Y, An J, Dong Y. Arterial stiffness and cognitive 
impairment. J Neurol Sci 2017;380:1-10.

57. Marfella R, Paolisso G. Increased arterial stiffness trumps
on blood pressure in predicting cognitive decline in low-risk
populations. Hypertension 2016;67:30-1.

58. Hughes TM, Wagenknecht LE, Craft S, Mintz A, Heiss G,
Palta P, et al. Arterial stiffness and dementia pathology:
Atherosclerosis risk in communities (ARIC)-PET study.
Neurology 2018;90:e1248-56.

59. DuBose LE, Moser DJ, Harlynn E, Fiedorowicz JG, Pierce GL.
Education moderates the effects of large central artery aging
on cognitive performance in middle-aged and older adults.
Physiol Rep 2019;7:e14291.

60.	 Menardi A, Pascual-Leone A, Fried PJ, Santarnecchi E. The role 
of cognitive reserve in alzheimer’s disease and aging: A multi-
modal imaging review. J Alzheimers Dis 2018;66:1341-62.

61. Mansukhani MP, Covassin N, Somers VK. Apneic sleep,
insufficient sleep, and hypertension. Hypertension 2019;73: 
744-56.

62. Calhoun DA, Harding SM. Sleep and hypertension. Chest
2010;138:434-43.

63. Van Ryswyk E, Mukherjee S, Chai-Coetzer CL, Vakulin A,
McEvoy RD. Sleep disorders, including sleep apnea and
hypertension. Am J Hypertens 2018;31:857-64.

64. Minakawa EN, Wada K, Nagai Y. Sleep disturbance as a
potential modifiable risk factor for Alzheimer’s disease. Int J
Mol Sci 2019;20:803.

65. Baril AA, Carrier J, Lafreniere A, Warby S, Poirier J, Osorio RS, 
et al. Biomarkers of dementia in obstructive sleep apnea. Sleep 
Med Rev 2018;42:139-48.

66. Liguori C, Mercuri NB, Izzi F, Romigi A, Cordella A,
Sancesario G, et al. Obstructive sleep apnea is associated with
early but possibly modifiable Alzheimer’s disease biomarkers
changes. Sleep 2017;40:1-11.

67. Cross NE, Memarian N, Duffy SL, Paquola C, LaMonica H,

D’Rozario A, et al. Structural brain correlates of obstructive 
sleep apnoea in older adults at risk for dementia. Eur Respir J 
2018;52:1800740.

68. Naismith SL, Mowszowski L. Sleep disturbance in mild
cognitive impairment: A systematic review of recent findings.
Curr Opin Psychiatry 2018;31:153-9.

69. Rouch L, Cestac P, Hanon O, Cool C, Helmer C, Bouhanick B,
et al. Antihypertensive drugs, prevention of cognitive decline
and dementia: A systematic review of observational studies,
randomized controlled trials and meta-analyses, with discussion
of potential mechanisms. CNS Drugs 2015;29:113-30.

70. Hernandorena I, Duron E, Vidal JS, Hanon O. Treatment
options and considerations for hypertensive patients to prevent 
dementia. Expert Opin Pharmacother 2017;18:989-1000.

71. Duron E, Hanon O. Antihypertensive treatments, cognitive
decline, and dementia. J Alzheimers Dis 2010;20:903-14.

72. Angevaren M, Aufdemkampe G, Verhaar HJ, Aleman A,
Vanhees L. Physical activity and enhanced fitness to improve
cognitive function in older people without known cognitive
impairment. Cochrane Database Syst Rev 2008;3:CD005381.

73. McDonnell MN, Smith AE, Mackintosh SF. Aerobic exercise
to improve cognitive function in adults with neurological
disorders: A systematic review. Arch Phys Med Rehabil
2011;92:1044-52.

74. Young J, Angevaren M, Rusted J, Tabet N. Aerobic exercise
to improve cognitive function in older people without
known cognitive impairment. Cochrane Database Syst Rev
2015;4:CD005381.

75. Tomporowski PD. Effects of acute bouts of exercise on
cognition. Acta Psychol (Amst) 2003;112:297-324.

76. Chang YK, Labban JD, Gapin JI, Etnier JL. The effects of acute 
exercise on cognitive performance: A meta-analysis. Brain Res 
2012;1453:87-101.

77. McMorris T, Hale BJ. Differential effects of differing intensities 
of acute exercise on speed and accuracy of cognition: A meta-
analytical investigation. Brain Cogn 2012;80:338-51.

78. Tsukamoto H, Takenaka S, Suga T, Tanaka D, Takeuchi T,
Hamaoka T, et al. Impact of exercise intensity and duration
on postexercise executive function. Med Sci Sports Exerc
2017;49:774-84.

79. Lefferts WK, DeBlois JP, White CN, Heffernan KS. Effects of
acute aerobic exercise on cognition and constructs of decision-
making in adults with and without hypertension. Front Aging
Neurosci 2019;11:41.

80. Broadhouse KM, Singh MF, Suo C, Gates N, Wen W,
Brodaty H, et al. Hippocampal plasticity underpins long-term
cognitive gains from resistance exercise in MCI. Neuroimage
Clin 2020;25:102182.

81. Brook RD, Appel LJ, Rubenfire M, Ogedegbe G, Bisognano JD, 
Elliott WJ, et al. Beyond medications and diet: Alternative
approaches to lowering blood pressure: A scientific
statement from the american heart association. Hypertension
2013;61:1360-83.

82. Nagai M, Hoshide S, Kario K. Hypertension and dementia.
Am J Hypertens 2010;23:116-24.

83. Lange-Asschenfeldt C, Kojda G. Alzheimer’s disease,
cerebrovascular dysfunction and the benefits of exercise: From 
vessels to neurons. Exp Gerontol 2008;43:499-504.

84. Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg  SM,
Iadecola C, et al. Vascular contributions to cognitive



Physical activity and dementia� Fuller, et al

Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020 141

impairment and dementia: A statement for healthcare 
professionals from the American heart association/American 
stroke association. Stroke 2011;42:2672-713.

85. Lipnicki DM, Makkar SR, Crawford JD, Thalamuthu A,
Kochan NA, Lima-Costa MF, et al. Determinants of cognitive
performance and decline in 20 diverse ethno-regional
groups: A COSMIC collaboration cohort study. PLoS Med
2019;16:e1002853.

86.	 Hidalgo-Mora JJ, Garcia-Vigara A, Sanchez-Sanchez ML, Garcia-
Perez MA, Tarin J, Cano A. The Mediterranean diet: A historical
perspective on food for health. Maturitas 2020;132:65-9.

87. Eleftheriou D, Benetou V, Trichopoulou A, La Vecchia C,
Bamia C. Mediterranean diet and its components in relation to 
all-cause mortality: Meta-analysis. Br J Nutr 2018;120:1081-97.

88. Willcox DC, Scapagnini G, Willcox BJ. Healthy aging diets
other than the Mediterranean: A focus on the Okinawan diet.
Mech Ageing Dev 2014;136-137:148-62.

89. Cremonini AL, Caffa I, Cea M, Nencioni A, Odetti P,
Monacelli  F. Nutrients in the prevention of Alzheimer’s
disease. Oxid Med Cell Longev 2019;2019:9874159.

90. Gardener SL, Rainey-Smith SR. The role of nutrition in
cognitive function and brain ageing in the elderly. Curr Nutr
Rep 2018;7:139-49.

91. Smith PJ, Blumenthal JA. Dietary factors and cognitive decline. 
J Prev Alzheimers Dis 2016;3:53-64.

92. Smith PJ. Pathways of prevention: A scoping review of dietary
and exercise interventions for neurocognition. Brain Plast
2019;5:3-38.

93. Orgeta V, Mukadam N, Sommerlad A, Livingston G. The
lancet commission on dementia prevention, intervention, and
care: A call for action. Ir J Psychol Med 2019;36:85-8.

94. Scarmeas N, Luchsinger JA, Schupf N, Brickman AM,
Cosentino S, Tang MX, et al. Physical activity, diet, and risk of 
Alzheimer disease. JAMA 2009;302:627-37.

95. Blumenthal JA, Smith PJ, Mabe S, Hinderliter A, Welsh-
Bohmer K, Browndyke JN, et al. Longer term effects of diet
and exercise on neurocognition: 1-year follow-up of the
ENLIGHTEN trial. J Am Geriatr Soc 2020;68:559-68.

96. Blumenthal JA, Smith PJ, Mabe S, Hinderliter A, Lin PH,
Liao L, et al. Lifestyle and neurocognition in older adults
with cognitive impairments: A randomized trial. Neurology
2019;92:e212-23.

97. Shah T, Verdile G, Sohrabi H, Campbell A, Putland E,
Cheetham C, et al. A combination of physical activity and
computerized brain training improves verbal memory and
increases cerebral glucose metabolism in the elderly. Transl
Psychiatry 2014;4:e487.

98. Wall K, Stark J, Schillaci A, Saulnier ET, McLaren E,
Striegnitz  K, et al. The enhanced interactive physical and
cognitive exercise system (iPACES(TM) v2.0): Pilot clinical
trial of an in-home ipad-based neuro-exergame for mild

cognitive impairment (MCI). J Clin Med 2018;7:249.
99. Barreto PS, Rolland Y, Cesari M, Dupuy C, Andrieu S, Vellas B, 

et al. Effects of multidomain lifestyle intervention, omega-3
supplementation or their combination on physical activity
levels in older adults: Secondary analysis of the Multidomain
Alzheimer preventive trial (MAPT) randomised controlled
trial. Age Ageing 2018;47:281-8.

100. Blumenthal JA, Babyak MA, Hinderliter A, Watkins LL,
Craighead L, Lin PH, et al. Effects of the DASH diet alone
and in combination with exercise and weight loss on blood
pressure and cardiovascular biomarkers in men and women
with high blood pressure: The ENCORE study. Arch Intern
Med 2010;170:126-35.

101. Smith PJ, Blumenthal JA, Babyak MA, Craighead L, Welsh-
Bohmer KA, Browndyke JN, et al. Effects of the dietary
approaches to stop hypertension diet, exercise, and caloric
restriction on neurocognition in overweight adults with high
blood pressure. Hypertension 2010;55:1331-8.

102.	Kivipelto M, Mangialasche F, Ngandu T, World Wide
Fingers Network. World wide fingers will advance dementia
prevention. Lancet Neurol 2018;17:27.

103. Ngandu T, Lehtisalo J, Solomon A, Levalahti E, Ahtiluoto S,
Antikainen R, et al. A 2 year multidomain intervention of
diet, exercise, cognitive training, and vascular risk monitoring 
versus control to prevent cognitive decline in at-risk elderly
people (FINGER): A randomised controlled trial. Lancet
2015;385:2255-63.

104. Kivipelto M, Solomon A, Ahtiluoto S, Ngandu T, Lehtisalo J,
Antikainen R, et al. The finnish geriatric intervention study to
prevent cognitive impairment and disability (FINGER): Study
design and progress. Alzheimers Dement 2013;9:657-65.

105.	Pentikainen H, Savonen K, Ngandu T, Solomon A,
Komulainen P, Paajanen T, et al. Cardiorespiratory fitness and
cognition: Longitudinal associations in the FINGER study. J
Alzheimers Dis 2019;68:961-8.

106. Sabbahi A, Arena R, Elokda A, Phillips SA. Exercise and
hypertension: Uncovering the mechanisms of vascular control. 
Prog Cardiovasc Dis 2016;59:226-34.

107. Rego ML, Cabral DA, Costa EC, Fontes EB. Physical exercise
for individuals with hypertension: It is time to emphasize its
benefits on the brain and cognition. Clin Med Insights Cardiol 
2019;13:1179546819839411.

How to cite this article: Fuller SJ, Shah T, Chatterjee P, 
Dias  CB, Hillebrandt H, Sohrabi HR, Martins RN. Physical 
Activity Can Reduce Hypertension, and the Long-term Benefits 
May Contribute toward a Lower Risk of Cognitive Decline and 
Dementia. Hypertens 2020; 6(3): 133-141.

Source of support: Nil, Conflicts of interest: None

This work is licensed under a Creative Commons Attribution 4.0 International License. The images or other third party material in this article are 
included in the article’s Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the Creative 
Commons license, users will need to obtain permission from the license holder to reproduce the material. To view a copy of this license, visit 
http://creativecommons.org/licenses/by/4.0/ © Fuller SJ, Shah T, Chatterjee P, Dias CB, Hillebrandt H, Sohrabi HR, Martins RN. 2020



HTNJ

Hypertension Journal  ●  Vol. 6:3  ●  Jul-Sep 2020

Introduction

Chronic kidney disease (CKD) is a well-recognized public 
health problem, prevalent in approximately 10–15% of the 
general population worldwide.[1] Notwithstanding the risk 
of progression to end-stage renal failure (ESRD), CKD also 
brings with it an increased risk of cardiac and cerebrovascular 
disease due in part to the high incidence of hypertension in 
CKD. Indeed cardiovascular death is the most common cause 
of mortality in CKD patients[1] Resistant hypertension is a 
key feature in CKD patients[2] and is thought to be driven by 
multiple and interrelated factors. Evidence from experimental 
models suggests that the autonomic nervous system plays 
an important role in the development of hypertension and 
cardiovascular complications associated with CKD, with 

evidence for both increased sympathetic efferent drive to the 
kidney[3] and increased afferent signaling from the kidney to the 
central nervous system[4] [Figure 1].

Catheter-based renal denervation is emerging as a potential 
antihypertensive strategy for resistant hypertension. The 
underlying rational is based on a number of concepts arising 
from clinical and experimental studies:
1. Non-selective surgical sympathectomy, a procedure that

removes the thoracic and lumbar ganglia, markedly reduced
hypertension when it was in use prior to the advent of
effective antihypertensive drugs,[5] and though it was not
without adverse effects, for example, profound hypotension, 
supported the premise that hypertension is associated with
sympathetic overactivity.
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2. Chemical renal denervation can prevent the development,
delay onset or attenuate the degree of hypertension in
experimental animal models of hypertension,[3,6] and renal
sympathetic activity, as determined by renal noradrenaline
spillover, is elevated in patients with essential hypertension
compared with normotensive controls,[7] with these two
points collectively supporting increased sympathetic drive to 
the kidney as a key driver of hypertension.

3. The renal nerve bundle, which consists of both renal afferent 
sensory and efferent sympathetic nerves, is readily accessible 
to radiofrequency energy emitted through a catheter in the
renal artery lumen making a surgical approach feasible on a
wide scale.[8]

4. The technical development of interventional angioplasty for 
treatment of conditions such as acute myocardial infarction
facilitated the development of devices suitable for renal
denervation.[9]

Under these circumstances, the first-generation 
radiofrequency-generating catheter, which could be advanced 
into the renal artery to ablate renal nerves, was developed by 
Ardian and later put in a clinical trial under the executive of 
Medtronic.[8] Subsequent proof-of-concept studies demonstrated 
that renal denervation may have beneficial effects that reach 
beyond a simple reduction in blood pressure and for patients 
with CKD could have significant clinical impact providing both 
cardiovascular and renoprotective effects.[10,11] Of note is that in 
CKD patients, evidence of sympathetic overactivity alongside 
increased afferent signaling derived from the native injured 
kidneys[12] would suggest they are ideal candidates for the 
procedure. This review will summarize the current evidence for 
the potential cardiorenal protective effects of renal denervation 
in CKD [Figure 1].

Effect of Renal Denervation on Blood Pressure

Evidence from animal models

Renal denervation has been used in a variety of animal models 
of hypertension as an experimental approach to reduce blood 
pressure, with stripping of the renal nerves and periaxonal 
application of phenol to the renal artery, which removes both 
renal afferents and efferents, being shown to reduce blood 
pressure in models of two-kidney-one clip hypertension,[13] 5/6 
renal ablation,[14] and polycystic kidney disease.[3] More recently, 
catheter-based renal denervation has been shown to reduce 
blood pressure in the fetal uninephrectomized sheep CKD 
model.[15] While there are studies in certain animal models where 
renal denervation has not had an impact on blood pressure, for 
instance, in the Ang II-salt model and deoxycorticosterone 
acetate (DOCA)-salt model induced with lower than typical 
doses of Ang II or DOCA, respectively,[16] these studies, and 
specifically their application to models of CKD, provide a strong 
foundation for the use of renal denervation in CKD patients.

In the clinical setting, however, it remains unclear whether 
the effect is mediated by removal of sympathetic nerves or 
sensory nerves or a combination of both. This applies equally to 
the use of renal denervation to treat hypertension arising from 
other causes. To answer this question, researchers have sought 
to selectively ablate the renal afferent sensory nerves by either 
dorsal rhizotomy[6] or periaxonal application of capsaicin.[4] 
Available evidence suggests that afferent renal denervation can 
attenuate hypertension in the 5/6 renal ablation model of 
CKD[6,12] and in the subtotally nephrectomized spontaneous 
hypertensive rat (SHR).[17] Sensory denervation of the kidney 
has also been shown to reduce blood pressure in the DOCA salt 
model,[4] but notably, not in the AngII-induced hypertension 

Figure 1: Summary figure illustrating CKD association with increased renal afferent (sensory) and efferent (sympathetic) nerve activity, 
their proposed contributions to the complications of CKD, and the available experimental and clinical evidence of the benefits of renal 
denervation. CKD, chronic kidney disease, BP, blood pressure; eGFR, estimated glomerular filtration rate; RCT, randomized clinical trial. 
Figure created with BioRender.com
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model.[16] These results suggest two things: Firstly, that the renal 
afferents may make a differential contribution to hypertension 
in different disease states and importantly, not all forms of CKD 
may be responsive to renal denervation. 

Evidence from the clinic

The initial clinical trials undertaken to determine the efficacy and 
safety of catheter-based renal denervation in patients focused on 
patients with essential hypertension, excluding patients with 
moderate to severe CKD.[18] Following the initial promising 
results, a pilot study examining 15 patients with moderate to 
severe CKD found that renal denervation caused a marked 
blood pressure reduction at 1, 3, 6, and 12 months of follow-up 
without deterioration of renal function.[19] Subsequent single-
center and multi-center prospective studies have shown a similar 
blood pressure lowering effect of renal denervation in CKD 
patients.[20,21] Moreover, a significant blood pressure reduction 
within 6 months of follow-up after denervation was also 
observed in ESRD patients.[22] Of note, however, is that a lack of 
central or 24-h ambulatory blood pressure reduction following 
renal denervation in CKD and/or ESRD patients has also been 
reported.[23] Importantly, none of these clinical studies were 
randomized sham-controlled trials, potentially undermining the 
strength of evidence. As such, whether or not renal denervation 
can truly produce a meaningful and sustainable blood pressure 
lowering effect in CKD cohorts needs further investigation. 

Renoprotective Effect of Renal Denervation 

In addition to a blood pressure lowering effect, beneficial effects 
of renal denervation on kidney damage in CKD have been 
reported. In the 5/6 renal ablation model, both total and afferent 
renal denervation are reported to increase glomerular filtration 
rate (GFR), lower proteinuria, and ameliorate the development 
of glomerular and tubular-interstitial damage.[24] Similar findings 
are described in the uninephrectomized Dalt-salt sensitive 
model.[25] Interestingly, the attenuation of renal damage 
paralleled a reduction in blood pressure in the 5/6 renal ablation 
but not uninephrectomized Dalt-salt sensitive model of CKD, 
suggesting that renal denervation can provide renal protection 
independent of any effect on blood pressure.

In humans, observational studies suggest that renal 
denervation can slow or even halt the decline rate of estimated 
GFR (eGFR) in patients with CKD.[11,20] For instance, in a 
study consisting of 46 CKD patients, eGFR showed an annual 
decline of 3.5 mL/min/1.73m2 for the 60 months before renal 
denervation but was stable during the 24 months after renal 
denervation.[11] The most recent study examining the impact 
of renal denervation on long-term renal function, published as 
part of the Global SYMPLICITY Registry, showed that over a 
3 year period, there were no statistically significant differences 
in the decline in renal function between patients with and 
without chronic kidney disease.[21] Although these studies 
show promising benefits and indicate that there are no long-

term safety concerns associated with renal function after renal 
denervation, further large-scale multicenter randomized clinical 
trials are warranted to substantiate the observed renoprotective 
effects.

Cardioprotective Effect of Renal Denervation

Cardiovascular disease is the leading cause of morbidity and 
mortality in CKD patients, and patients present with cardiac 
hypertrophy and fibrosis, arrhythmias[26] and abnormalities 
in autonomic function, namely sympathetic overdrive, 
parasympathetic insufficiency, and reduced baroreflex sensitivity 
(BRS).[27] Data available from both experimental and clinical 
studies suggest that renal denervation has cardioprotective 
effects and that this is also evident in CKD studies [Figure 1].

Improvements in cardiac hypertrophy and fibrosis have 
been reported after renal denervation in the SHR model[28] and 
in the fetal uninephrectomized sheep CKD model.[15] Renal 
denervation, however, failed to prevent the development of 
cardiac hypertrophy in the DOCA salt hypertension model.[29] 
In clinical studies, the beneficial effect of renal denervation on 
cardiac hypertrophy and fibrosis, reflected by reduced left 
ventricle mass, increased ventricular ejection fraction or 
decreased collagen turnover, have also been reported in patients 
with resistant hypertension[30,31] and importantly, those with 
CKD.[10] Similar to the renoprotective effects, the observed 
cardioprotective effects are associated with a lowering in blood 
pressure in some patients[30] but independent of such effect in 
others.[31]

Heart rate variability (HRV), systolic blood pressure 
variability (SBPV), and BRS have been measured in both 
experimental and clinical studies as indirect measures of 
autonomic activity and yielded inconclusive findings. In 
patients with resistant hypertension, an increase in all frequency 
components of HRV and reduction in low/high frequency ratio 
at 1 and 6 months post-denervation were present, suggesting a 
restoration of cardiac sympathovagal balance.[32] However, a 
lack of impact on HRV has also been reported in patients with 
resistant hypertension.[33] With regard to SBPV, reduced LF 
SBPV has been described after renal denervation in the SHR, 
indicating a reduced sympathetic control of blood pressure.[34] 
In human studies, the impact of renal denervation on cardiac 
sympathetic activity has been assessed through the uptake and 
washout of I123 metaiodobenzylguanidine (MIBG), which is 
actively transported into sympathetic nerve terminals by the 
noradrenaline transporter. Using this method, Donazzan et al.[35] 
showed reduced cardiac sympathetic nerve activity 9 months 
after renal denervation in resistant hypertension patients. In 
contrast, van Brussel et al.[36] showed no impact on the cardiac 
sympathetic activity was observed at 6 weeks post-denervation 
using the same measure. The discrepancy between these studies 
could be caused by variable factors including the efficacy of the 
denervation procedure, differing baseline cardiac sympathetic 
tone and small sample size. To the best of our knowledge, there 
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have been no clinical studies examining the impact of renal 
denervation on these parameters in CKD patients.

A variable impact of renal denervation on baroreflex control 
has similarly been reported in animal models of hypertension 
and CKD. Renal denervation did not cause any significant 
changes in heart rate baroreflex curve parameters assessed 
by infusion of phenylephrine and sodium nitroprusside 
compared with sham controls in a sheep heart failure model,[37] 
while renal denervation of the clipped kidney in two-kidney-
one-clip rats improved the arterial BRS upon infusion of 
sodium nitroprusside 10  days post the procedure.[13] Renal 
denervation did not improve impaired heart rate BRS, but 
did improve impaired renal sympathetic nerve activity BRS 
in a cisplatin-induced acute renal injury model rat 1-week 
post-denervation.[38] An improved heart rate and lumbar 
sympathetic nerve activity BRS were also reported in SHR 
1-week post-denervation.[39] In 5/6 nephrectomy rats, total 
renal denervation partially recovered baroreflex control of 
heart rate in response to phenylephrine administration 8 
weeks post-denervation.[14] Using spontaneous BRS as their
measure, Hart et al.[39] showed that total renal denervation
caused a significant albeit small increase in cardiac BRS 
within 24 h of denervation surgery in the SHR. Evidence of 
the impact of renal denervation on cardiac BRS in humans
including CKD patients is sparse. The only evidence is from
the work of Hart et al.,[39] who observed improved spontaneous 
BRS in patients with resistant hypertension 6 months post-
denervation procedure. Interestingly, this improvement in
BRS was not associated with a reduction in blood pressure,
suggesting that the beneficial effect is independent of changes 
in blood pressure. Although Grassi et al.[40] documented an
improvement in baroreflex control in muscle sympathetic 
nerve activity in patients with resistant hypertension at both 3
and 6 months after denervation, this was unrelated to the blood 
pressure reduction induced by the procedure. Whether the 
improvement in BRS following renal denervation could reduce 
the comorbidity of cardiovascular disease in CKD populations 
awaits future investigation.

Conclusion

Hypertension and cardiovascular disease contribute to increased 
morbidity and mortality in CKD and are contributing factors 
to the progression to ESRD. While observations from clinical 
practice in hypertensive and CKD patients and a large body of 
experimental evidence suggests renal denervation could provide 
cardiorenal protection in CKD, no large scale randomized sham-
controlled trials are available that so far to support these findings. 
Furthermore, the data suggest that not all forms of CKD may 
be equally responsive to renal denervation and specific cohort 
studies are required. Given that patients with CKD are at high 
risk for cardiovascular events, including heart attack, arrhythmia, 
and stroke, this is an important area of research that warrants 
close investigation.
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Introduction

The hemodynamic assessment of hypertension, or “hard pulse 
disease” as it was once known,[1] has its roots in the late 19th 
century when Frederick Akbar Mahomed (1849–1884) used 
the sphygmograph to quantify the “hardness of the pulse.”[2] By 
quantifying the amount of hold-down force necessary to obtain 
an ideal arterial pulse trace, Mahomed was able to describe 
both quantitatively, using measured force, and qualitatively, 
using pulse contour changes, the phenomenon of essential 
hypertension. However, perhaps due to the technical difficulties 
and the meticulousness required to operate the sphygmograph, 
this form of hemodynamic assessment did not gain traction 
in the medical field. It was not until some 25 years after the 
introduction of the Riva-Rocci method of using an occlusive cuff, 

together with the application of Korotkoff sounds, that routine 
measurement of blood pressure became a part of standard clinical 
care.[3] Since then, the hemodynamic assessment of hypertension, 
at least in clinical practice, has been based solely on two discrete 
numerical values – systolic pressure and diastolic pressure. From 
the first Build and Blood Pressure study conducted in 1959[4] 
that produced the first diagnosis threshold for hypertension 
diagnosis, to subsequent large epidemiological studies, such as the 
Framingham Heart Study[5] identifying the risks associated with 
hypertension, research evidence that informs clinical practice has 
all been based on measurements of brachial systolic and diastolic 
blood pressure. Furthermore, studies have shown that lowering 
brachial blood pressure in hypertensive individuals resulted in 
reduced cardiovascular events[6] and regression of left ventricular 
hypertrophy (LVH).[7] As such, despite the knowledge that brachial 
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The effects of age on arteries are associated with stiffening of the artery wall, and this phenomenon is a major determinant of the 
age-related increase in isolated systolic hypertension. Arterial stiffness affects the speed of the arterial pulse which can be readily 
measured noninvasively. Alterations in arterial stiffness also affect the relationship between the conventionally measured blood 
pressure in the brachial artery and the pressure in the central aorta, which characterizes the pressure load on the ejecting ventricle. 
Central aortic systolic pressure is lower than peripheral systolic pressure and is affected by a range of hemodynamic factors, including 
heart rate. Devices are now available that can estimate central aortic pressure from the calibrated peripheral pulse waveform. Studies 
have shown that arterial stiffness, as measured by pulse wave velocity, and central aortic pressure can enhance the characterization 
of cardiovascular risk beyond the conventional measurement of brachial blood pressure. Although measurements of central aortic 
pressure and pulse wave velocity have provided a wealth of research and epidemiological data, there has been limited entry of these 
techniques in the routine clinical setting as well as in guidelines for treatment and management of hypertension. This review will 
address the current evidence of the use of central aortic pressure and pulse wave velocity for assessment of hypertension as a major 
cardiovascular risk.
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blood pressure is not the same as central aortic blood pressure, 
which represents the real pressure load on the heart, it has been 
clinically accepted that diagnosis and treatment of hypertension 
based on brachial blood pressure values would be sufficient. 
However, as differential effects on the heart of pharmacological 
antihypertensive treatments come to light despite achieving the 
same reduction in brachial blood pressure,[8] questions have been 
raised as to whether assessing central aortic pressure, which can 
now be readily measured non-invasively, would provide additional 
benefits in the diagnosis and management of hypertension. In 
addition, large artery stiffness, the major determinant of central 
aortic pressure and moderator between central and brachial blood 
pressure, is an established prognostic factor for hypertension.[9] 
Research in the past two decades has time and time again shown 
that large artery stiffness, as assessed by pulse wave velocity, is 
an independent risk factor for cardiovascular disease and events 
above and beyond the risk of hypertension itself,[10] yet routine 
measurement of pulse wave velocity in clinical practice is scarce. 
Evidently, this intricate relationship between central aortic 
pressure, large artery stiffness, and hypertension is currently 
underappreciated in clinical practice. This review will discuss the 
evidence supporting the use of central aortic pressure and pulse 
wave velocity in the hemodynamic assessment of hypertension 
and postulate why the clinical uptake of these measurements may 
have been slow despite this supporting evidence.

The Arterial Pulse, Central Aortic Pressure, and Pulse 
Wave Velocity

While current hemodynamic assessment of hypertension is 
mainly based on discrete numerical values of systolic and diastolic 
pressure, it cannot be forgotten that arterial pressure changes 
continuously within each cardiac cycle, forming the arterial 
pulse. As the heart beats, a train of arterial pulses travels from 
the aorta to the peripheral vessels and the pulse changes shape 
in the process, becoming narrower in the systolic portion and 
with systolic pressure increasing as the wave travels further away 
from the heart. Mahomed was the first to describe pulse contour 
changes between the central and peripheral arteries using tracings 
from the sphygmograph.[2] However, changes in the pulse 
contour were not specifically studied until the work of Kroeker 
and Wood,[11] in which arterial pulse waveforms were measured 
simultaneously in a central artery (the arch of the aorta or left 
subclavian artery) and a peripheral artery (brachial, radial, and 
femoral artery) using intra-arterial catheters. Kroeker and Wood 
observed that, while diastolic pressure and mean arterial pressure 
showed a small progressive decrease as the arterial pulse wave 
travelled from central to peripheral arteries, systolic pressure in 
the peripheral arteries was consistently higher than the central 
artery, with brachial, radial, and femoral systolic pressure at 109%, 
112%, and 110% of central systolic pressure, respectively.[11] Later 
studies showed that this amplification of systolic pressure from 
the central to peripheral arteries varies greatly both within and 
between individuals depending on age, gender, height, and heart 

rate.[12] This phenomenon of systolic pressure amplification can 
be attributed to the nature of the arterial system, whereby vessels 
get stiffer further away from the heart. As the arterial pulse wave 
travels from the compliant central arteries to the stiffer peripheral 
arteries, the pulse wave is reflected toward the heart, resulting in 
a summation of a “forward” traveling pulse wave and a reflected 
“backward” travelling pulse wave. This leads to an augmented 
systolic pressure in the periphery, as the reflected wave generally 
meets the forward wave during systole due to the speed at which 
the arterial pulse wave travels, that is, pulse wave velocity. This 
pulse wave velocity is dependent on the stiffness of the arterial 
wall, and, as documented by Kroeker and Wood,[11] increases 
as the arterial pulse wave travels from the central to peripheral 
arteries, thus explaining, at least in part, the larger augmentation 
in systolic pressure in the peripheral arteries compared to 
central arteries. However, as central arteries stiffen with age, 
the difference between central and peripheral systolic pressure 
decreases, resulting in reduced systolic pressure amplification.[13]

Central aortic pressure, as opposed to brachial pressure, 
represents the true pressure load on the heart, as it is the pressure 
the heart must work against to expel the ventricular content (stroke 
volume). One of the main determinants of central aortic pressure 
is the compliance of the aorta. As blood is ejected intermittently 
from the heart, the aorta acts as a cushion and stores a portion 
of stroke volume during systole, which then is released during 
diastole. This ensures that blood flow reaches peripheral tissues 
in a continuous fashion with pulsatility minimized. A compliant 
aorta would store a larger proportion of the stroke volume during 
systole than would a stiffer aorta. Thus, given the same stroke 
volume, a stiffer aorta would result in a higher peak pressure during 
systole and lower pressure during diastole, resulting in an increase 
in pulse pressure. In addition, due to the reduction of the stroke 
volume stored during systole this will inherently this increase the 
in pulsatility which will continue throughout the vasculature. This 
will lead, leading to increased stress on small vessels that are not 
designed to accommodate pulsatile flow and ultimately result in 
end-organ damage, such as in the brain and kidneys.[14] In essence, 
an increase in large artery stiffness has both upstream effects on the 
heart (through increase in central aortic pressure) and downstream 
effects on end-organs (through increased pulsatility transmitted 
to small vessels). As such, it is not unreasonable to assume that 
measurement of central aortic pressure and large artery stiffness, 
the latter by way of pulse wave velocity measurement, can provide 
additive value in risk stratification beyond the assessment of 
hypertension with brachial blood pressure alone. 

Evidence for the Use of Central Aortic Pressure and 
Pulse Wave Velocity in the Hemodynamic Assessment 
of Hypertension

Central Aortic Pressure

Hypertension is conventionally diagnosed using systolic 
and diastolic pressure values measured by brachial cuff 
sphygmomanometry. However, although the blood pressure 
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values present a cardiovascular risk and the condition is essentially 
asymptomatic, there are important progressive pathological 
sequalae such as LVH.[15] Hence, assessment of antihypertensive 
treatment is quantified by the effect of blood pressure lowering 
on regression of LVH. This was done in a major clinical trial 
comparing the effect of different pharmacological interventions 
on reducing brachial blood pressure and regression of LVH. The 
Losartan Intervention for Endpoint reduction in hypertension 
study (LIFE)[16] compared an angiotensin receptor blocker, 
losartan, against a beta blocker, and atenolol. The study showed 
that although both agents had similar effects in lowering brachial 
blood pressure after a 4-year follow-up, and both were associated 
with regression of LVH, losartan produced a greater degree of 
LVH regression, as assessed by reduction of Cornell voltage-
duration product (10%) and Sokolow-Lyon voltage (15%), 
compared to atenolol (5% and 9%, respectively). Hence, the 
conclusion was drawn that losartan had beneficial effects beyond 
lowering blood pressure.

The LIFE study was an important study since it was one 
of the first studies to show the superiority of one class of 
antihypertensive agent (angiotensin receptor blocker, losartan) 
compared to another class (beta-blocker, atenolol). However, 
as expected, atenolol was associated with a reduction in heart 
rate (−7.7 bpm for atenolol vs. −1.1 bpm for losartan). This is 
a significant feature of this trial in interpreting the final results 
since the amplification of the aortic pulse toward the periphery 
is intrinsically dependent on heart rate due to the frequency 
characteristics of the brachial transfer function.[12] Hence, for 
a similar reduction in pulse pressure measured at the brachial 
artery, the pulse pressure at the aortic root would be relatively 
higher in those treated with a beta-blocker. Since the LIFE trial 
ran for over 4 years, those treated with atenolol would have had 
a relatively higher central aortic systolic pressure compared to 
those treated with losartan for a sufficiently long time to affect 
left ventricular remodeling. Thus, if central aortic pressure were 
measured in the LIFE study, some of the effect on regression 
of LVH could have been explained by the difference in central 
aortic pressure, even though the effect on brachial blood pressure 
was similar for both agents. The difference in central and 
peripheral systolic pressure due to heart rate was convincingly 
demonstrated in a later study (the Conduit Artery Functional 
Endpoint study) where central aortic pressure was estimated 
from the radial pulse calibrated to brachial systolic and diastolic 
pressure and comparisons were made between a calcium channel 
blocker (amlodipine) and a beta blocker (atenolol).[8]

The above studies provide evidence that central aortic 
pressure can give additional information compared to 
conventional brachial blood pressure on the effect of 
hypertension on end organ damage (LVH) when there are 
changes in other hemodynamic parameters such as heart rate. 
In addition, when pharmacological intervention for blood 
pressure lowering is guided by non-invasive measurement of 
central aortic pressure, the same reduction in brachial pressure 
can be achieved with reduced medication with no adverse effect 
on quality of life and LVH. A similar qualitative conclusion 

was reached in treatment of heart failure where titration of 
medication based on the central aortic waveform improved 
exercise capacity.[17] Interested readers are encouraged to read 
a more in-depth review of the current evidence on the utility of 
central aortic pressure in clinical practice.[18]

Pulse Wave Velocity

It has been over two decades since aortic stiffness, as assessed by 
pulse wave velocity, was first shown to be a marker of cardiovascular 
risk in patients with essential hypertension,[10] whereby the risk 
of being in a high cardiovascular mortality risk group was up to 
a staggering 7 times higher in those whose pulse wave velocity 
was in the upper quartile.[10] In the years since, increased pulse 
wave velocity has been firmly established as an independent risk 
factor for cardiovascular events such as stroke and coronary heart 
disease, as demonstrated in the Framingham study,[19] as well 
as cardiovascular and all-cause mortality in both general[20] and 
diseased populations such as those with hypertension.[21] The 
role of pulse wave velocity in the diagnosis and management 
of hypertension was further consolidated when increased 
pulse wave velocity was recognized as an influencing factor on 
the prognosis of hypertension by the 2007 Guidelines on the 
Management of Arterial Hypertension from the European Society 
of Hypertension (ESH) and European Society of Cardiology 
(ESC).[9] The most recent guidelines continues to recognize 
increased aortic stiffness as a factor influencing cardiovascular 
risk in patients with hypertension.[22] Furthermore, measurement 
of pulse wave velocity has been added as a recommendation for 
clinical evaluation of hypertension-mediated organ damage with 
a Class B recommendation and Level IIb evidence.[22]

The Framingham Heart Study was the first study to show 
that including pulse wave velocity in risk factor assessment in 
a general population was additive to standard risk factors such 
as systolic blood pressure.[19] In a cohort of 2232 participants, 
predicted cardiovascular risk was calculated based on age, sex, 
systolic blood pressure, use of antihypertensive medication, 
cholesterol, smoking, presence of diabetes mellitus, and aortic 
pulse wave velocity over a period of 8 years. The study showed 
that higher aortic pulse wave velocity was associated with a 48% 
increase in the risk of experiencing a first major cardiovascular 
event. Furthermore, inclusion of aortic pulse wave velocity in 
the risk assessment model resulted in significant improvement 
of risk reclassification and risk discrimination. A more recent 
meta-analysis of 16 studies, with a combined cohort of 17,635 
participants, showed that addition of aortic pulse wave velocity 
in risk assessment improved the 5-year risk prediction of 
cardiovascular events by 5% in the whole cohort and 14% 
in the intermediate-risk group.[23] Together, these studies 
demonstrate that measurement of pulse wave velocity may be 
beneficial in risk stratification, particularly in individuals who 
are already at risk of cardiovascular events, such as those with 
hypertension.

The relationship between blood pressure and arterial 
stiffness is intrinsically inseparable. The mechanical design 
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of the arterial wall with its composite lamellae of elastin and 
collagen is such that an increase in pressure results in the 
recruitment of more collagen fibers, which is over 1000 times 
stiffer than elastin.[24] In other words, the artery stiffens with 
increasing blood pressure. As such, along with age, blood 
pressure is one of the main determinants of pulse wave velocity. 
However, this is not a unidirectional relationship. As mentioned 
earlier, increased arterial stiffness, in particular aortic stiffness, 
results in an increase in central aortic systolic pressure and a 
decrease in diastolic pressure, thereby widening pulse pressure. 
At the same time, elevated blood pressure increases pulsatile 
stress on the arterial wall, resulting in accelerated degradation of 
elastin fibers beyond the effects of normal aging[25] and further 
increasing arterial stiffness.[26] This bidirectional relationship 
between blood pressure and arterial stiffness raises the question 
of whether hypertension causes arterial stiffening, or whether 
arterial stiffening causes hypertension. Studies in both animal 
models[27] and humans[28] have shown that arterial stiffening 
can precede the development of hypertension. In the Baltimore 
Longitudinal Study of Aging, pulse wave velocity was an 
independent predictor of systolic blood pressure increase over 
a median follow-up of 4.3 years.[29] Furthermore, in individuals 
who were normotensive at baseline, pulse wave velocity 
predicted incident hypertension beyond median follow-up 
years.[29] In light of the above evidence, it can be seen that the 
value of pulse wave velocity measurement in the assessment of 
hypertension lies not only in the improved risk stratification 
of patients but also in the prediction of the development of 
hypertension in normotensive individuals.

Measurement of Central Aortic Pressure and Pulse 
Wave Velocity in Clinical Practice

Measurement of Central Aortic Pressure

In the past, central aortic pressure could only be measured 
invasively. Numerous commercial devices are now currently 
available for the non-invasive measurement of central aortic 
pressure.[18] One method implemented by several devices is 
the use of a generalized transfer function. The characteristics of 
the transmission of the pulse waveform from aorta to brachial 
artery are relatively constant between individuals in the adult 
population.[30] This permits a generalized transfer function, 
in essence a low pass filter, to be applied to a peripheral artery 
waveform to estimate the aortic waveform and thereby central 
aortic pressure.[31] Utilization of the generalized transfer 
function method requires the peripheral artery waveform to be 
calibrated and accuracy of the estimated central aortic pressure 
is dependent on the calibration method. Other methods for 
estimation of central aortic pressure have also been developed, 
such as identification of the late systolic peak in a peripheral 
arterial waveform.[32] Notwithstanding, all methods are reliant 
upon acquisition and analysis of a peripheral arterial waveform 
(pulse wave analysis) and on calibration. Discussion of issues 
surrounding calibration and subsequent accuracy of measured 

central aortic pressure is beyond the scope of this review. 
Commonly, the peripheral arterial waveform is obtained using 
applanation tonometry at the radial, brachial, or carotid artery 
and be calibrated to oscillometric brachial systolic and diastolic 
blood pressure (or mean and diastolic blood pressure). Brachial 
arterial waveform can also be obtained using a cuff over the 
arm, which can be integrated into oscillometric blood pressure 
measurement and is therefore less operator-dependent than 
tonometry. Studies have shown that central aortic pressure values 
of acceptable accuracy can be obtained with both tonometry-
based[33] and cuff-based devices[34] when conventional brachial 
cuff pressure measurements are used to calibrate the peripheral 
waveform. One study[35] showed reduced accuracy with non-
invasive brachial pulse waveform calibration compared to 
invasive pressure calibration. Figure  1 shows an example of a 
central aortic waveform derived from the cuff-measured brachial 
waveform using a generalized transfer function in a young and 
old individual, respectively.

Measurement of Pulse Wave Velocity

Measurement of pulse wave velocity requires the measurement 
of arterial waveforms from two arterial sites some distance 
apart. A fiducial point, most commonly the foot of the wave, 
is used to determine the time delay between the points on the 
two pulse waves, that is, transit time. Pulse wave velocity is then 
determined by dividing the arterial path length, measured as a 
linear distance between the arterial recording sites, by the transit 
time [Figure 2]. 

Although pulse wave velocity can be determined across 
any arterial segment, carotid-femoral pulse wave velocity, 
which can be measured non-invasively, is considered the gold 
standard in the assessment of aortic stiffness and is the measure 
recommended for use in the ESC/ESH Guidelines on the 
Management of Arterial Hypertension.[22] Determination of 
carotid-femoral pulse wave velocity involves obtaining arterial 
pressure waveforms from the carotid and femoral arteries. 
Carotid and femoral waveforms can be obtained by applanation 
tonometry, and most commercially available devices for carotid-
femoral pulse wave velocity measurement are tonometry-
based. Most tonometry-based devices require that the arterial 
waveforms be obtained sequentially, and an electrocardiogram 
(ECG) is additionally required. The transit time would then be 
determined with the R peak of the ECG as a common reference 
point. There are also devices available that are fully cuff-based, 
where both carotid and femoral pressure waveforms can be 
obtained with a cuff around the neck and thigh, respectively, or 
use a combination of both tonometry and cuff, whereby carotid 
waveform is obtained by tonometry and femoral waveform 
is obtained with a cuff around the thigh. Cuff-based devices 
are simpler to use and require less time than tonometry-based 
devices, as carotid and femoral waveforms can be obtained 
simultaneously without the need of an ECG. They also tend to 
be less dependent on operator experience, therefore, making 
them more suitable for use in a clinical setting. Other methods 
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of pulse wave velocity measurement, such as indirect estimation 
of pulse wave velocity based on pulse wave analysis using a single 

cuff around the arm,[36] and measurement over a different arterial 
segment, such as ankle-brachial pulse wave velocity,[37] are also 
available but beyond the scope of this review. A comprehensive 
review has recently been published on the measurement 
of arterial stiffness in humans[38] and interested readers are 
encouraged to refer to it.

An important aspect to pulse wave velocity measurement is 
the determination of arterial path length. For carotid-femoral 
pulse wave velocity, distance between the carotid and femoral 
recording sites can be determined by measuring distance over the 
body surface using a tape measure. It is currently recommended 
that the direct distance between the carotid and femoral 
recording sites be measured and multiplied by a factor of 0.8.[39] 
Another commonly used method is the subtraction method, 
whereby the distance between the carotid measurement site and 
the sternal notch is subtracted from the distance between the 
sternal notch and the femoral recording site, which is commonly 
on the inguinal fold for tonometry measurements or top edge 
of the thigh cuff for cuff-based measurements. The carotid-to-
sternal-notch distance is subtracted to account for the pressure 
wave travelling in opposite directions from the aorta. Cuff-based 
devices may require an additional distance measurement from 
the inguinal fold to the top edge of the thigh cuff. 

Impediments to the Use of Central Aortic Pressure 
and Pulse Wave Velocity in Clinical Practice

Despite the many years of research and established body of 
evidence on the value of central aortic pressure and pulse wave 
velocity, clinical uptake of their measurement remains scarce. 
One of the main reasons could be due to the limited number of 
randomized controlled trials with either central aortic pressure 
or pulse wave velocity as the treatment target or outcome 

Figure 2: Schematic of carotid-femoral pulse wave velocity (PWV) 
determination. PWV is determined as arterial path length divided 
by the time delay between the foot of the pressure waves (transit 
time, TT), measured at the carotid and femoral artery, respectively. 
Arterial path length can be determined as direct linear distance 
from carotid to femoral recording sites (dcf) multiplied by a factor 
of 0.8, or as the distance between sternal notch and femoral site (dsf) 
minus the distance between carotid site and sternal notch (dsc)

Figure 1: Examples of central aortic waveforms (right) derived from corresponding brachial waveforms (left) from (a) a young individual and 
(b) an older individual. Notice that in the older individual, the augmentation pressure and hence pressure amplification is reduced compared 
to the young individual. PP: Pulse pressure

a

b
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measure. While the body of evidence for the prognostic value 
of pulse wave velocity in hypertension is strong enough for it to 
be included in the guidelines, the benefit of using central aortic 
pressure over brachial blood pressure is still unclear.[22] To-date, 
there has only been one randomized trial that investigated the 
value of using central aortic pressure to guide hypertension 
treatment as compared with brachial blood pressure.[40] The 
results of this prospective, open-label, and blinded-endpoint 
trial showed that use of central aortic blood pressure resulted in 
a significant reduction of medication dosage to achieve the same 
blood pressure control, but there were no significant differences 
in left ventricular mass nor aortic stiffness when compared to 
treatment guided by brachial blood pressure. Recently, a double-
blinded randomized controlled trial, the Guiding Hypertension 
Management Using Different Blood Pressure Monitoring 
Strategies (GYMNs study),[41] was set up to assess the optimal 
strategy for guiding hypertension management based on 
unattended office brachial blood pressure, home blood pressure, 
and central aortic blood pressure. The results of this trial are yet to 
be published, but the study will no doubt provide further insights 
as to whether central aortic blood pressure guided treatment will 
lead to better outcomes. Another reason for the lack of central 
aortic pressure measurements in clinical practice could be the 
lack of established reference values. At present, only Taiwan 
has published guidelines on the use of central aortic pressure in 
the management of hypertension, with a recommended cut-off 
value of 130/90 mmHg for the diagnosis of hypertension and 
treatment target.[42] A recent consensus statement on the clinical 
application of using central aortic pressure in the management of 
hypertension was also published from Taiwan.[43] On the other 
hand, the European guidelines state that measurement of central 
aortic pressure may be useful only in some circumstances, such 
as isolated systolic hypertension in the young with Class C 
recommendation and Level IIb evidence.[22] Due to the absence 
of pharmacological treatment to de-stiffen arteries beyond that 
of blood pressure control, there are currently no randomized 
controlled trials to-date with pulse wave velocity as a treatment 
target.

Practicalities of central aortic pressure and pulse wave velocity 
measurement may also pose a major barrier to the clinical uptake 
of these measurements. While central aortic pressure can now 
be readily determined with the use of an oscillometric cuff, 
measurement of pulse wave velocity still requires the use of 
applanation tonometry in most devices, which requires a certain 
level of operator expertise. Pulse wave velocity determination 
also requires straight distance measurement over the body 
surface, which can be difficult in some patients. As such, despite 
being included in the European guidelines as an important 
prognostic factor of hypertension, the same guidelines also 
stated that “routine use of (pulse wave velocity) measurement 
is not practical and is not recommended for routine practice.”[22] 
This has led to the development of estimated pulse wave velocity 
based on age and mean arterial pressure,[44] which has been 
shown to provide similar risk prediction to measured pulse wave 
velocity.[45,46]

Conclusions

Both central aortic pressure and pulse wave velocity are valuable 
tools in the hemodynamic assessment of hypertension, especially 
in terms of providing additive value in assessing hypertension-
related organ damage and in risk stratification. The body of 
evidence supporting their use in clinical practice continues to 
grow, but more randomized controlled trials may be needed, 
particularly for central aortic pressure, for sufficient improvement 
of the class of recommendation and level of evidence before 
widespread clinical uptake. In addition, more automated and 
operator-independent methods in the measurement of pulse 
wave velocity would be beneficial to ensure practicality of its use 
in a fast-paced clinical setting.
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Background

Hypertension is an important determinant in the spectrum of 
cardiovascular disease (CVD), and treating hypertension is a 
central tenet of modern cardiac care. However, the decision of 
whether to initiate therapy based on cardiovascular risk factors 
or absolute blood pressure (BP) measurements is less defined. 
The Framingham study began the cardiology community’s 
focus on epidemiological risk in the pursuit of the etiology of 
cardiac disease.[1] Historically, antihypertensive therapy was 
determined by signs of the development of overt end-organ 
damage in patients but became modified with accumulation 
of epidemiological data. Hypertension was established as 
a causal risk factor, with a significant reduction in BP being 
correlated with a reduction in hypertensive heart failure in 
those with CVD.

The Framingham study established cardiovascular 
prospective population epidemiological research and preventative 
cardiology. The “risk factor” concept evolved, indicating that 
multiple interrelated factors promote increased risk of the 
development of coronary heart disease (CHD).[2] To date, no 

single essential factor has been identified. Epidemiologists began 
to conceptualize vascular disease as an outcome of multiple 
forces, and hypertension is primed among these. This research 
determined the influence of hypertension on the full clinical 
spectrum of CVD including sudden death, silent and overt 
myocardial infarction, heart failure, and clinical and silent strokes. 

The study determined population CVD incidence attributable 
to hypertension at a time when only mortality statistics was 
available, and most recently, the lifetime risk of developing it 
and its vascular consequences. The study also provided some 
valuable insights into mechanisms of hypertension-induced 
CVD. In the past, initiation of antihypertensive treatment 
was often delayed until there was evidence of target organ 
involvement. Framingham study data indicated that this practice 
was imprudent as 40–50% of hypertensive persons developed 
overt cardiovascular events before evidence of target organ 
damage such as proteinuria, cardiomegaly, or electrocardiogram 
abnormalities. However, patients with CVD appear to also 
benefit, with reductions in hypertensive heart failure. Within 
the original Framingham study subgroup of patients who have 

Abstract

The treatment of hypertension is a mainstay of cardiovascular medicine. This was not always the case but was established only 
60 years ago with the publication of the Framingham study in 1961. Despite the compelling findings of this landmark study 
which established the link to coronary heart disease, the medical community was slow to take up blood pressure control to strict 
targets. The philosophy of care has evolved in the ensuing years, and there is now universal support for this approach. However, 
an understanding of the goals and targets of hypertensive therapy as related to an individual patient’s overall cardiovascular risk is 
somewhat less clear. This paper provides a review of relevant literature with regard to the question of whether total cardiovascular 
risk should be taken into consideration when treating the hypertensive patient.
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hypertension, there was benefit from significant BP reduction 
and evidence of end-organ damage seems to be an increased risk 
for cardiovascular complication. 

There appears to be a group of patients with accelerated 
disease that seems to benefit from aggressive antihypertensive 
treatment. Patients who have had significant cardiovascular 
risk in the past particularly benefit from intervention for their 
hypertension. The link between hypertension and coronary 
artery disease is long established but the link between 
cerebrovascular disease and hypertension appears more 
compelling. Several studies such as ALLHAT have shown that 
significant reduction in BP directly correlates with reduction in 
cerebrovascular disease end points.[1]

Risk Stratification

Risk stratifying patients according to the hypertensive risk 
appear to benefit in the management of patients with CVD. 
Elevated BP is a causal risk factor for CVD. Epidemiological 
analyses have established the graded and continuous 
association between higher BP and CVD. In a population-
based study of older adults, although all measures of BP 
were strongly and directly related to the risk of coronary and 
cerebrovascular events, SBP was the best single predictor of 
cardiovascular events.[3] Moreover, randomized clinical trials 
among individuals with hypertension have demonstrated, in 
aggregate, a reduction in CVD events by 20%, CHD by 17%, 
stroke by 27%, and heart failure by 28% for every 10 mmHg 
systolic BP (SBP) lowering with medical therapy.[4] This 
approximately correlates with a doubling in cerebrovascular 
and cardiovascular events for every 20 mmHg rise in SBP over 
120 mmHg. Therefore, prevention, detection, treatment, and 
control of elevated BP are an important public health priority 
and a primary target for CVD prevention. This suggests that 
stratifying patients according to BP may be beneficial in 
targeting the treatment of hypertension in patients who should 
be aggressively managed. 

Concerns and Special Populations

There are concerns about the potential harm from aggressive 
BP management at lower BP.[5] The common adverse effects of 
antihypertensive therapy can be grouped two ways:
•	 Effects of the particular drug chosen (e.g., cough associated 

with ACE inhibitors)
•	 Effects of BP lowering (often hypotension and syncope).[6]

For example, there are risks in overzealous treatment in 
hypertensive patients, particularly in the elderly and those 
with isolated systolic hypertension. These patients often 
have quite low diastolic BP and with aggressive reduction 
in mean arterial pressure often lead to an increased risk of 
falls. Diastolic hypertension is often present in pediatric and 
obstetric patients although systolic hypertension also is of 
significance.

Concerns have also been raised about renal safety due to the 
statistically significant difference in participants without chronic 
kidney disease experiencing at least 30% reduction in estimated 
glomerular filtration rate (eGFR) in SPRINT.[7] This measure is 
not a clinically meaningful outcome in those with eGFR above 
60 mL/min/1.73 m2. For those with chronic kidney disease, 
there was no significant difference in the composite renal 
outcomes, but there was insufficient power to determine if there 
was any effect on long-term dialysis. 

Alternatively, a systematic review by Xie et al. revealed no 
significant differences in severe adverse events associated with BP 
lowering, dizziness, or adverse events leading to discontinuation 
of more intensive BP lowering therapy. However, there was a 
small difference in severe hypotension.[8]

Conclusion

There appears to be significant benefit in BP reduction over 
and above end-organ damage, particularly in patients with 
cardiovascular risk. The treatment of absolute BP measurements 
rather than cardiovascular risk alone seems to be of value, 
particularly given the insidious onset of end-organ damage in 
many patients, and the lack of symptoms of CVD until significant 
macro- and microvascular damage has occurred. Patients with 
cardiovascular risk may warrant BP treatment to more aggressive 
BP targets. However, there are also limitations to aggressive BP 
reduction, particularly in certain populations such as the elderly. 
In view of this, the authors recommend that ongoing vigilance 
in primary care and physician settings to tight BP control will be 
associated with better outcomes, although certain populations 
may require more pragmatic approach. Most patients will 
require vigilance and careful cardiac risk management including 
BP monitoring to ensure the avoidance of the long-term sequelae 
of CVD.
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Introduction

Clinic blood pressure (BP) remains the measurement for 
initial screening and management of hypertension, although 
there are recognized limiting factors, including accuracy of 
the measurement and the “white coat effect.” Introduction 
of automated office BP overcomes these factors,[1] although 
the importance of out-of-clinic measurement with either 
home or ambulatory BP monitoring (ABPM) for confirming 
diagnosis of hypertension is recommended by clinical 
practice guidelines for Australia,[2] Europe,[3] the America,[4] 
and Canada.[5] The advantage of ABPM is that it allows 
multiple measurements of BP over 24 h period without 
patient intervention, ambulant, and during sleep and 
reveals variations in circadian BP profile which would have 
been missed with clinic alone. This brief review provides a 
summary of several of these different patterns which indicate 
specific BP phenotypes of hypertension, such as nocturnal 
hypertension and masked hypertension. Although there is 
specific guidance for physicians/health professionals for the 

measurement of ABPM,[6,7] patient satisfaction in wearing 
the equipment also needs to be considered[8-11] for reliability 
of the measures but also for engagement in their health and 
adherence to treatment. While ABPM is increasing in use in 
Australia, there are no reports on patient satisfaction and the 
results of a pilot survey are presented.

Nocturnal BP

Ambulatory BP is a stronger predictor of cardiovascular risk 
than clinic BP[12,13] as well as provides the pattern/profile of 
BP changes throughout the 24 h period to assess variability, 
especially during sleep (nocturnal) and early morning. Lack of 
a decrease in BP of at least 10% during sleep is often referred to 
as non-dipping[14] and when it rises compared to daytime, it is 
reverse dipping pattern, which has been shown to be a marker of 
cardiovascular dysautonomia in Parkinson disease.[15] Adjusting 
for this dipping and daytime BP, Yang et al. (2019)[16] found that 
higher 24 h and nocturnal BP were associated with greater risk of 

Abstract

Blood pressure (BP) is one of the vital markers of health and high BP (hypertension) continues to be major health burden, 
with high systolic BP the leading preventable risk factor for cardiovascular disease. Early detection and management require 
accurate measurement of BP, with clinical practice guidelines now universally recommending out-of-clinic ambulatory or home 
BP monitoring to confirm the diagnosis of hypertension. Ambulatory BP monitoring (ABPM) provides detailed information of 
the pattern and fluctuations of BP throughout a 24 h period. This brief review provides a summary of several of these different 
patterns which indicate specific BP phenotypes and how these may guide better prognosis of cardiovascular risk as well as efficacy 
of treatment of hypertension. Although patient awareness and acceptance are important for reliable AMBP measurements, there are 
limited reports and the results of a pilot survey assessing patient satisfaction are presented.
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cardiovascular outcomes. Interestingly, variability in nocturnal 
BP is also an independent predictor of all-cause mortality and 
cardiovascular events.[17]

Masked Hypertension

The clinical utility of ABPM for diagnosis of hypertension 
and treatment is particularly evident with identifying masked 
hypertension which is normal clinic BP with elevated ambulatory 
or home BP. When there is treatment initiated and BP is elevated 
away from the clinic but is assumed to be controlled during the 
clinic visit, it is labeled “masked uncontrolled hypertension 
(MUCH). Both masked hypertension and MUCH are associated 
with increased cardiovascular risk almost equivalent to sustained 
hypertension.[18] A recent meta-analysis[19] found that while 
the prevalence of masked hypertension was comparable when 
determined by ABPM (11%) compared to home BP monitoring 
(13%); ABPM had greater sensitivity to identify patients with 
masked hypertension/MUCH when both methods were 
compared in the same patients.

Patient Satisfaction with AMBP

While ABPM is recommended for out-of-clinic BP 
measurement by clinical practice guidelines, the patent 
perspective needs to be considered since it is not often assessed 
but may influence treatment adherence and engagement 
in their health. Consecutive patients who had ABPM were 
asked their satisfaction in wearing the monitoring equipment 
once the 24 h monitoring was completed. The question was 
“how did they feel about wearing the monitoring equipment” and 
there were three options to select: 1 – “didn’t mind;” 2 was 
“uncomfortable but necessary,” and 3 was “disliked and not for 
repeat.” Of the 59 patients asked for this pilot survey, 32/59 
(54%) did not mind having the 24 h monitoring, while 26/59 
(44%) found it uncomfortable but necessary and only 2/59 
(0.11%) could not tolerate. The higher acceptance by patients 
may have resulted from the communication of the need testing 
by AMBP and also how BP is measured during monitoring. 
This pilot study is supported with similar findings by Ernst 
and Bergus (2014)[8] who found that ABPM was well accepted 
by patients even though they reported to have disturbed sleep 
and discomfort.
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