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GENERAL INTRODUCTION

Dementia is a multifactorial clinical syndrome and many uncertaintities exist around

inevitable that BP has an important role in dementia.
1

its etiology, prevention, management and care. The vascular system is likely to be
involved in part of the complex puzzle of dementia. In this thesis we focus on one

On the other hand, the role of BP when cognitive impairment is already present is much

piece of this puzzle: the role of blood pressure in cognitive impairment and dementia.

less clear. This might be just as important, since it is estimated that 45% of the people

This includes its regulation, determination and variation.

with dementia have hypertension and currently guidance on BP management in this
group is lacking.11 It is often postulated that in the presence of a neurodegenerative

THE GLOBAL BURDEN OF DEMENTIA

disease a higher BP is desirable to maintain sufficient cerebral perfusion and protect

Dementia is an umbrella term that describes a wide range of symptoms characterized

further cognitive decline.12 However, observational studies on the association between

by a gradual decline in memory, thinking and other cognitive functions, behavioral

BP and cognitive function in people with mild cognitive impairment or dementia

changes and reduced ability to perform daily life activities. Dementia is among the

are inconclusive, as both a high and a low BP have been associated with greater

largest public health problems of the 21 century. It is estimated that every 3 seconds,

clinical progression.13,14 An important hallmark of the majority of these studies, and

someone in the world is diagnosed with dementia.1 Although predictions of the number

cardiovascular research in general, is that BP is treated as a static phenomenon. That

of people that will be affected by dementia in the near future differ, it is evident that

is, these studies investigated absolute BP as a risk factor for cognitive decline, often

this syndrome will continue to impose a heavy burden on healthcare systems today

measured during a single occasion in a research or clinical setting.

st

and in the coming decades.2,3
Alzheimer’s disease (AD) is the most common cause of dementia.4 While AD has been
first described already more than 100 years ago, our knowledge on this complex
disease is still developing (see also Box 1.1). Despite substantial effort, there is currently
no effective disease-modifying therapy for AD.5 This has resulted in a global quest for
action from the World Health Organization across different areas, including treatment,
but also focusing on optimal care and prevention.6 Several modifiable risk factors for
developing AD have been identified, that could be promising targets for prevention.
It is estimated that about one third of dementia cases may be attributed to these risk
factors.5 Among these risk factors are smoking, physical inactivity, obesity and vascular
risk factors.
BLOOD PRESSURE AND DEMENTIA
Multiple conditions that damage the heart and blood vessels also increase the risk of
developing dementia. For example, diabetes, smoking, heart disease, high cholesterol,
and high blood pressure (BP) during mid-life increase the risk of late-life dementia.7
Intuitively this seems logical, since the brain is extremely dependent on an adequate
supply of blood, because it lacks the ability to store fuel reserves. Prolonged periods of

Box 1.1 Definition of Alzheimer’s disease
Historically, Alzheimer’s disease (AD) was defined as a clinical-pathologic entity, which could only be
diagnosed with certainty at autopsy, by examination of amyloid plaques and neurofibrillary tangles.
During life, the clinical syndrome was diagnosed as ‘possible AD’ or ‘probable AD’.15 Over the last
decades, this terminology has become blurred and the term AD has been used to describe either
the neuropathological observations, the clinical syndrome or both. Moreover, scientific progress
led to the discovery of in vivo biomarkers that could be used as proxies for the neuropathologic
changes. Therefore, recently (in 2018), the National Institute on Ageing proposed a new AD research
framework.16 In this framework, AD is a biological construct that refers to the neuropathology and that
is defined by abnormal levels of biomarkers, irrespective of the clinical signs. On the other hand, the
term ‘Alzheimer’s clinical syndrome’ has been proposed to define the syndromal construct and thus
replace the former possible or probable AD.
While a biological definition for AD is a logical step towards understanding the contribution of amyloid
and tau to the clinical expression of dementia, it is important to realize that over the years many other
different biological pathways have been described that have been shown to lead to Alzheimer’s clinical
syndrome, both independent and related to AD pathology.17 One of these is vascular dysregulation. The
clinical relevance of the vasculature in dementia research can be illustrated by the observation that the
majority of the individuals with Alzheimer’s clinical syndrome present with both AD pathology as well
as cerebrovascular pathology.18, 19. In this work presented in this thesis, we have included older people
with a clinical diagnosis of dementia due to AD, who also might have mixed pathology. Following the
new research framework, they would now be labeled as having ‘Alzheimer’s clinical syndrome’.

vascular dysregulation can, therefore, result in structural and functional damage to the
cerebrovasculature.8 Of all vascular risk factors, hypertension is the most important
for the development of dementia.5 There is also some experimental evidence that
controlling BP with the use of antihypertensive drugs might lower the incidence
of dementia, but this is not conclusive yet.9,10 Despite these unresolved issues, it is
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CHAPTER 1

DYNAMICAL ASPECTS OF BLOOD PRESSURE

fluctuations in office BP measurements taken over a period of months or years is

“And even in the same animal the force of the blood in its vessels is continually

the most often reported. Using home BP measurements can provide information on

varying, according to the different kinds and quantities of food, the various

day-to-day BPV. Figure 1.1 shows examples of low and high day-to-day BPV in two

distances of time after taking food, the more or less plethoric state of the

patients attending our memory clinic.

blood vessels, also from exercise, rest, different states of vigour of vivacity of
the animal and many other circumstances.. ..Now since this force of the blood
A. Person with low blood pressure variability

is so variable, it is the more requisite to be furnished with a good quantity of

B. Person with high blood pressure variability
150

observations.” by Stephen Hales 1733
Ever since the first measurement of “the force of blood” by Stephen Hales, it was
recognized that such pressure is not a static phenomenon, but a constantly varying
complex.20 Despite this recognition, the standard practice to determine BP has for a
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of studies reporting BP, single office BP readings have been used, with variations
observed between measurements often discarded as noise.21 However, recent findings
and new technologies have made us more aware of the importance of the dynamics
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in BP. Below, three aspect of the dynamics of BP that are covered in this thesis will be

Figure 1.1 Two cases of home BP measurements performed by older adults visiting our memory clinic.

introduced: the use of home BP measurements, the concept of BP variability and the

Panel A shows a woman, aged 75 years, diagnosed with mild cognitive impairment, with low BP variability.

orthostatic BP response.

Panel B shows a woman, aged 76 years, also diagnosed with mild cognitive impairment, with high BP
variability. They have nearly the same mean BP as presented by the dotted lines. BP was measured for

Home blood pressure measurements

one week, twice a day. BP measurements of the first day were discarded because these tend to be higher.

The constant variation in BP makes it difficult to reliably estimate BP using a single

Figure 1.1

BP=blood pressure

measurement in the office of the clinician. This is further hampered by the setting of
an office measurement that may result in an alerting reaction and rise in BP; known as
the white-coat effect.22 Therefore, repeated measurements, taken out-of-office, are

While it is likely that different timescales of BPV have different underlying causes,

now more widely used. It has been shown that the average of multiple BP readings

both visit-to-visit BVP and day-to-day BPV have been associated with cardiovascular

at home is a better predictor for cardiovascular events and mortality than a single

outcomes.25 Recently, high BPV has been associated with the risk of developing

office BP measurement.23 Therefore, international hypertension guidelines now advice

dementia and with cognitive function, although the evidence is not conclusive yet.26-28

using out-of-office BP measurements to make a proper hypertension diagnosis and to

The available evidence is mainly based on visit-to-visit BPV and the role of day-to-day

monitor BP over time.

BPV in cognitive impairment is less clear. Moreover, BPV has not been studied in older

24

These type of BP measurements have not substantially been

used in people with dementia.

people already diagnosed with dementia or experiencing cognitive complaints.

Blood pressure variability

Orthostatic challenge

The use of repeated measurements of BP, whether it is in or out the office, can provide

BPV, in the way it is described above, is based on repeated measurements of BP in

further information on the extent to which BP fluctuates within a person. A growing

resting conditions, without the cardiovascular system being significantly challenged.

amount of data suggests that the variation observed over consecutive readings, known

This can be complemented by another dynamical aspect of BP: the postural or

as BP variability (BPV), contains prognostic significance for cardiovascular morbidity

orthostatic challenge, representing BPV during daily life activities. During a change in

and mortality, independent from mean BP level itself. Visit-to-visit BPV, comprising

posture (i.e. sitting to standing) BP drops and the cardiovascular system is challenged

21
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to restore BP back to its normal level.29 Figure 1.2 shows examples of full and impaired

identification of new potential factors to modify the course of the disease. For example,

recovery of BP in two patients with dementia. An impaired recovery of BP may result

in stabilizing high BPV some antihypertensive drug classes seem more promising

in reduced perfusion of organs, including the brain. Given the frequent occurrence of

than other.35 This opens an interesting window of opportunity, since even a minor

a posture change during daily life, this may result in clinical implications.30, 31 There is

modification of a risk factor will have a large impact on the global burden of dementia.

evidence that an impaired postural BP recovery is related to cognitive function and the
risk of dementia.32-34 However, the postural BP response has not been studied in older
people with established dementia.

Box 1.2 Description of the studies used in this thesis

A. Person with full BP recovery within 1 minute

B. Person with impaired BP recovery within 1 minute

150

150
Blood pressure (mmHg)

Blood pressure (mmHg)
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The Nilvad trial was a European multicenter phase III trial investigating
the effect of the calcium-channel blocker nilvadipine on cognition and
daily function in ±500 older adults with a clinical diagnosis of mild-tomoderate Alzheimer’s disease.39 The trial was executed between May
2013 and November 2016. The Radboudumc Alzheimer Center was one
out of 23 study sites participating in this trial. In addition to the main study, participants from Nijmegen
and Arnhem were invited to take part in the Nilvad CBF-substudy.40 The substudy was designed to
provide clues to the mechanism of action of nilvadipine and included detailed measurements of CBF
and BP. The Nilvad trial was negative for primary and secondary outcomes, meaning that nilvadipine
had no effect on the clinical progression of AD. 41 Reusing the data collected in this trial provided the
opportunity to test several hypotheses regarding BP, BPV and BP lowering in people with AD.

0

-20
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20

40

60

Time after standing up (seconds)

Figure 1.2 Two cases of the BP response during a postural challenge, performed by older adults with
mild stage Alzheimer’s disease clinical syndrome participating in the Nilvad trial. Panel A shows a woman,
aged 65 years, with complete recovery of BP within one minute. Panel B shows a woman, aged 72 years,
with no recovery back to baseline within one minute. BP was continuously monitored from beat-to-beat.

Figure 1.2

BP=blood pressure.

The Radboudumc memory clinic database is a cross-sectional study that
started in December 2013 and ended in July 2019. Older people, who were
seen at our memory clinic for a cognitive evaluation, were asked to perform
1-week of blood pressure measurements at home, using a validated memoryequipped device. These data were combined with data from their electronic
health records, including cerebral imaging for a subset, in order to test
hypotheses about BP and BPV in a population of older adults with various
degrees of cognitive impairment. In addition, from August 2018 to July 2019 measurements of this
study were expanded to include 1-week of accelerometer data to provide insight in sedentary behavior
and physical activity patterns.

AIM OF THIS THESIS
The overall aim of this thesis is to provide new insights into the role of blood

Moreover, the clinical course of dementia is known to be very heterogenous.

pressure in cognitive impairment and dementia, while embracing the complexity

Understanding factors that help to predict the progression of AD can help clinical

of this dynamic physiological parameter and taking into account its variation using

decision making and inform patients and their families.36,37 For example, being able to

different temporal windows during rest and during challenges to the system. The

estimate if someone with dementia will progress quickly or slowly can guide advance

work in this thesis is based on post hoc analyses and a predefined substudy of the

care decisions, and may result in individualized decisions on the management of this

Nilvad trial, and on data analyses of the Radboudumc memory clinic database. See

persons’ living conditions and comorbidities.

Box 1.2 for a description of these projects.
More directly linked to clinical practice, this thesis can contribute to establish the
CLINICAL RELEVANCE

(individualized) optimal BP management in older people with cognitive impairment.

The work presented in this thesis contributes to a better understanding of vascular

It is estimated that 45% of the people with dementia have hypertension.11 Current

dysregulation in dementia and cognitive impairment. This may eventually lead to the

guidelines lack advice on BP management in older people with cognitive impairment.

14
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This is mainly because this group has not been represented in any of the hypertension

GENERAL INTRODUCTION

Box 1.3 Key terms and abbreviations used throughout this thesis and their definition
1

trials, leading to uncertainty regarding the benefit-to-risk ratio of antihypertensive

AD

Alzheimer’s disease clinical syndrome (see also Box 1.1).

treatment in this group.38 It is often assumed that antihypertensive treatment in frail,

BP

Blood pressure. Pressure of circulating blood on the walls of vessels.

older persons might do more harm than good, but evidence for this is scarce and

BPV

Blood pressure variability. Fluctuations in consecutive blood pressure measurements.

BRS

Baroreflex sensitivity. Mechanism that regulates short-term changes in blood pressure via

conflicting.

adaptations in the heart rate, contractility and peripheral resistance.
CA

OUTLINE OF THIS THESIS*

Cerebral autoregulation. Mechanism that maintains cerebral blood flow across a range of
blood pressures by adjusting the vascular tone.

First, this thesis starts with two chapters that help to answer the question whether

CBF

Cerebral blood flow. Blood supply to the brain in a given period of time.

BP lowering in people with AD might be detrimental. Chapter 2 assesses whether

cSVD

Cerebral small vessel disease. Umbrella term for a range of abnormalities of the small

the short-term regulation of CBF, including cerebral autoregulation, is altered in older
adults with AD and mild cognitive impairment. In Chapter 3 we address a relevant
question for clinical practice, namely: do we see a higher prevalence of orthostatic
hypotension and related adverse events when BP is lowered in patients with mild stage

vessels of the brain, that can be visualized with magnetic resonance imaging.
MCI

Mild cognitive impairment. Experiencing cognitive decline greater than expected based
on age and education, but with minimal interference in daily life. Orthostatic hypotension.

OH

A condition in which blood pressure falls substantially after standing up, that can be
accompanied with dizziness or fainting.

AD dementia. This would plea for a conservative approach regarding BP management
in older adults with AD.
After that, we dive into the role of BPV during rest and challenges in cognitive decline.
Chapter 4 describes the association of day-to-day BPV and the presence of cerebral
small vessel disease in people attending the memory clinic. In Chapter 5, we investigate
the association of BPV from visit-to-visit and from day-to-day and the progression
of AD. In Chapter 6, we explore the prognostic value of orthostatic BP recovery for
cognitive decline and all-cause mortality in AD.
The next two chapters investigate the added value of repeated BP measurements
to estimate mean BP in older adults with cognitive impairment. Chapter 7 describes
the differences between office BP and home BP in mild cognitive impairment and
dementia. In Chapter 8 we present a study in which we address the association
between activity patterns and BP measured in the office and at home.
Finally, Chapter 9 summarizes the main findings of this thesis and concludes with a
discussion of the thesis’s results and its implications for clinical practice and future
research.

*

To save paper and reduce printing, the supplementary material of each chapter in this thesis can be

found online only. The QR codes at the beginning of each chapter will direct you to the online version
of the chapter, including the supplementary material.
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CHAPTER 2

2

REGULATION OF CBF IN ALZHEIMER’S DISEASE

ABSTRACT

INTRODUCTION

BACKGROUND

Although the prevalence of hypertension in patients with Alzheimer’s disease (AD) is high

Cerebral autoregulation and baroreflex sensitivity are key mechanisms that maintain

(at least 45%),1 there is controversy regarding the risk-benefit ratio of antihypertensive

cerebral blood flow. This study assessed whether these control mechanisms are

treatment in these patients.2 Observational data have shown that antihypertensive

affected in patients with dementia and mild cognitive impairment due to Alzheimer’s

treatment was associated with a faster rate of cognitive decline in patients with

disease, as this would increase the risks of antihypertensive treatment.

dementia or mild cognitive impairment (MCI) due to AD,3 raising the question whether
blood pressure (BP) lowering could compromise cerebral blood flow (CBF). This has

METHODS

become even more clinically relevant now that hypertension guidelines have shifted

We studied 53 patients with dementia (73.1 years [95% confidence interval (CI),

toward lower BP levels for both diagnostic and treatment targets.4

71.4-74.8]), 37 patients with mild cognitive impairment (69.2 years [95% CI, 66.472.0]) and 47 controls (69.4 years [95% CI, 68.3-70.5]). Beat-to-beat blood pressure

Based on preclinical evidence, two mechanisms have been proposed to explain the

(photoplethysmography), heart rate, and cerebral blood flow velocity (transcranial

potentially deleterious effects of BP lowering on CBF.3, 5 First, animal studies have

Doppler) were measured during 5 minutes rest (sitting) and 5 minutes of orthostatic

demonstrated severe impairment of cerebral autoregulation (CA) in AD, because of

challenges, using repeated sit-to-stand maneuvers. Cerebral autoregulation was

amyloid angiopathy, which could explain cerebral hypoperfusion when BP is lowered.6,

assessed using transfer function analysis and the autoregulatory index. Baroreflex

7

sensitivity was estimated with transfer function analysis and by calculating the heart

(Braak stage III) could negatively affect baroreflex-mediated BP control,8 increasing

rate response to blood pressure changes during the orthostatic challenges.

the risk of episodic hypotension. Together, these two mechanisms could substantially

Second, autonomic dysfunction associated with AD pathology to the insular cortex

increase the risks that antihypertensive treatment will cause (episodic) hypotension
RESULTS

and cerebral hypoperfusion in patients with AD. However, whether or not CA and

Dementia patients had the lowest cerebral blood flow velocity (P=0.004). During rest,

autonomic BP regulation (baroreflex sensitivity, BRS) are truly impaired in AD patients

neither transfer function analysis nor the autoregulatory index indicated impairments

remains uncertain, as this has only been explored in very few studies with small sample

in cerebral autoregulation. During the orthostatic challenges, higher autoregulatory

sizes.9-12 Moreover, these mechanisms have never been studied together.

index (P=0.011) and lower transfer function gain (P=0.017), indicating better cerebral
autoregulation, were found in dementia (4.56 arb. unit [95% CI, 4.14-4.97]; 0.59 cm/s

The primary aim of this study was to investigate both CA and BRS in a large sample of

per mm Hg [95% CI, 0.51-0.66]) and mild cognitive impairment (4.59 arb. unit [95%

patients with dementia or MCI due to AD.

CI, 4.04-5.13]; 0.51 cm/s per mm Hg [95% CI 0.44-0.59]) compared to controls (3.71
arb. unit [95% CI, 3.35-4.07]; 0.67 cm/s per mm Hg [95% CI, 0.59-0.74]). Baroreflex
sensitivity measures did not differ between groups.
CONCLUSIONS
In conclusion, the key mechanisms to control blood pressure and cerebral blood flow
are not reduced in 2 stages of Alzheimer’s disease compared to controls, both in rest
and during orthostatic changes that reflect daily life challenges.
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METHODS

Instrumentation
Continuous arterial BP was measured in the index or middle finger of the nondominant

2

PARTICIPANTS

hand using photoplethysmography (Finapres Medical Systems, Amsterdam). An arm

In this case-control study, patients with dementia or MCI due to AD were compared

sling was used to keep the hand at heart level. CBF velocity (CBFV) in the middle cerebral

with healthy elderly control subjects. Patient data were obtained from the baseline

arteries was measured using transcranial Doppler ultrasonography. Two 2-MHz probes

assessments of the Nilvad trial (NCT02017340) and the NeuroExercise trial

(Multi-Dop, Compumedics DWL, Germany) were placed over the temporal window

(NCT02913053).13-15 Between July 2013 and September 2017 we included patients with

and fixed with a customized headband (Spencer Technologies, Seattle, WA). Exhaled

a clinical diagnosis of dementia due to probable AD (NIA-AA criteria [National Institute

CO2 was monitored with a nasal cannula using capnography (BIOPAC Systems, Goleta,

on Aging and Alzheimer’s Association],

CA). All signals were recorded at 200 Hz using a data acquisition system (MP150,

16

without requirement of positive biomarker

evidence), with a Mini-Mental State Examination score between 12 and 26.17 In addition

BIOPAC Systems, Goleta, CA).

we included patients with a diagnosis of MCI due to AD (NIA-AA criteria ), with Montreal
18

Cognitive Assessment score between 18 and 26.19 All patients were aged >50 years and

Procedures

had no significant medical conditions or cerebral abnormalities (based on medical

All patients and controls were tested in the same laboratory at the Department of

history and magnetic resonance imaging). Patients with uncontrolled hypertension or

Geriatric Medicine, under the supervision of one of the authors (JC). CA and BRS

diabetes mellitus type II were excluded. The complete lists of inclusion and exclusion

were assessed during rest and during orthostatic challenges. During rest, CA and

criteria can be found in the Supplementary material.

BRS were estimated using spontaneous hemodynamic fluctuations (in BP, CBFV and
heart rate). Data were recorded for 5 minutes with the participant sitting still and

Participants in the control group (NCT01417663) were recruited between July 2008

breathing spontaneously. In addition, repeated orthostatic challenges were used to

and June 2011 and had no medical history of cardiovascular or cerebrovascular disease,

enhance hemodynamic fluctuations, thus improving the reliability of the estimates

were not receiving treatment from their general practitioner or a medical specialist and

and mimicking clinically relevant perturbations in BP and CBF.21-23 The orthostatic

were not using any cardiovascular or psychotropic medication. Cognitive impairment

challenges consisted of repeated sit-to-stand maneuvers (10 s sitting, 10 s standing) for

was excluded by clinical screening by a geriatrician, including normal scores for age

5 minutes, resulting in large repeated fluctuations in BP and CBF around a frequency of

and education on the Mini-Mental State Examination.

0.05 Hz. This represents the very low frequency range where CA is most active under
normal circumstances.

All participants gave written informed consent. For the patients with dementia, written
consent was obtained from the patients as well as their caregivers. The study was

In addition to CA, in dementia and MCI patients we assessed cerebral vasomotor

approved by the Medical Ethics Committee (CMO Arnhem-Nijmegen, number 2017-

reactivity (CVMR: the CBF response to changes in arterial CO2) as an estimate of

3340) and was conducted in accordance with the Declaration of Helsinki and Good

cerebrovascular function and cerebro-vascular disease.24, 25 This protocol consisted of

Clinical Practice.

inducing hypocapnia by hyperventilating at a frequency of 0.5 Hz (1 s breathing in, 1 s
breathing out) for 30 s and was followed by inducing hypercapnia through inhalation

EXPERIMENTAL DESIGN

of a gas mixture with increasing concentrations of CO2 (30 s 3%, 30 s 4%, 3 minutes

Demographics
Demographic and clinical characteristics, including the Clinical Dementia Rating,

5%).
20

were assessed in all participants. Vascular comorbidities, including hypertension at

Finally, in dementia and MCI patients, in addition to BRS we assessed recovery of SBP

screening or use of antihypertensive medication, chronic heart failure, coronary heart

after a single orthostatic challenge as a measure of cardiovascular control.26-28 For

disease, arrhythmias, cerebrovascular diseases, peripheral artery disease and chronic

the analysis of SBP recovery, patients performed three repetitions of the following

kidney disease were summarized into a vascular comorbidity score.3

protocol: 2-minute sitting and 1-minute standing, during spontaneous breathing.
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DATA ANALYSIS

around 0.05 Hz (0.04-0.06 Hz), which contains the strong fluctuations in BP and CBF

Data were preprocessed and analyzed using custom-written Matlab scripts (version

induced by the sit-to-stand maneuver.22, 23

2014b, the MathWorks Inc., Natick, MA). Description of all preprocessing steps is
available in the Supplement.

BRS during orthostatic challenges was calculated using the same methodology
as employed before,33 and resulted in separate values for BP increases (BRSUP) and

2

Estimation of CA and BRS During Rest

decreases (BRSDOWN). In addition, similar to the analysis at rest, cardiac BRS was

CA was estimated by determining the autoregulatory index (ARI) and gain, normalized

estimated using TFA, by averaging gain over the frequency band 0.04-0.06 Hz. Detailed

gain and phase between mean arterial pressure (MAP) and mean CBFV (MCBFV) using

description of BRS estimation is available in the Supplement.

transfer function analysis (TFA).
Estimation of CVMR
For the TFA, the 5-minute recordings of MAP and MCBFV were the input for the

The CVMR was expressed using the cerebrovascular conductance index (the ratio

CARNet Matlab script with default settings (version 1, 2016; www.car-net.org).

The

of MCBFV to MAP) to account for confounding effects of CO2 on BP.34 CVMR was

TFA output consists of gain, normalized gain, phase and coherence. Gain represents a

derived as the difference between maximal cerebrovascular conductance index during

measure of damping (lower gain indicates better CA), whereas phase is a measure of

hypercapnia and minimal cerebrovascular conductance index during hypocapnia,

the time delay of cerebrovascular adaptation (higher phase indicates active adaptation

divided by the mean cerebrovascular conductance index during normocapnia. Detailed

as seen in normal CA). These parameters were averaged over the very low frequency

description and mathematical equations are available in the Supplement.

29

(0.02-0.07 Hz) and low frequency (0.07-0.2 Hz) bands, where CA is most active, and
Estimation of Orthostatic SBP Recovery

visualized for the whole CA spectrum.

SBP recovery 50 to 60 s after standing was expressed as a percentage from baseline.
The ARI is an extensively used quantitative measure for CA and ranges between

To increase reliability the results of the 3 repetitions performed by one participant

theoretical values of zero (absence of CA) and nine (excellent CA).30, 31 An ARI between 4

were averaged. Detailed description and mathematical equations are available in the

and 6 can be considered as normal CA. Detailed description of TFA and ARI estimation

Supplement.

is available in the Supplement.
STATISTICAL ANALYSIS
TFA between systolic BP (SBP) and R-R interval was performed to assess cardiac BRS

Data were analyzed using IBM SPSS Statistics 22.0 (SPSS, Inc, Chicago, IL). All data

during rest. BRS was estimated by averaging the gain over the frequency band 0.07-

were inspected for outliers using z-scores and outliers were replaced with a score

0.14 Hz, while using the CARNet Matlab script for TFA.

corresponding to 3 SDs from the mean.35 Missing data were not imputed. Participant

29

Here, a higher gain indicates

better cardiac BRS.

characteristics were compared between groups using ANOVA with post hoc pairwise
mean comparisons (Bonferroni corrected) or independent samples t-test for

Estimation of CA and BRS During Orthostatic Challenges

continuous variables and Pearson χ2 test for categorical variables. ANCOVA was used

First, we calculated the average maximal induced changes in MAP and MCBFV during

for between-group comparisons of all CA and BRS variables, with age as covariate

the repeated sit-to-stand maneuver as the difference between the maximal sitting

and post hoc Bonferroni-corrected pairwise mean comparisons. Differences between

value and the nadir after standing for each sit-to-stand cycle. The average of all cycles

parameters during rest and during challenges were tested with independent samples

represents the maximal induced changes in absolute and relative MAP (ΔMAPmax,

t-test. For AD dementia and MCI patients, CVMR and SBP recovery were categorized

Δ%MAPmax) and absolute and relative MCBFV (ΔMCBFVmax and Δ%MCBFVmax).

into tertiles. CA and BRS parameters were compared between the highest and the

32

lowest tertiles using independent samples t-test. For all analyses 2-sided testing
For CA, the analysis of the ARI and TFA was similar to the analysis during rest, except

and an alpha level of 0.05 were used. In sensitivity analyses, we corrected for age

that the TFA parameters were now estimated at the sit-to-stand frequency band

and compared patients with and without antihypertensive treatment. Outcomes are
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reported as mean and 95% confidence interval (CI).

RESULTS

Sample Size

PARTICIPANT CHARACTERISTICS

We calculated the required sample size for ARI and BRS-gain during rest. For ARI, the

Ninety-two AD patients (54 with dementia, 38 with MCI) and 48 healthy controls

calculation is based on the ability to detect a clinically relevant difference of 1.0±1.6

were enrolled. Complete datasets could not be obtained in all participants, because

arb. unit, with the SD based on previous reported ARI results. For BRS, we defined a

of absence of BP or transcranial Doppler ultrasonography signal or not meeting the

clinically relevant difference as 1.64±2.31 ms/mm Hg, based on previously reported

quality criteria set for analysis as described in the Methods. This resulted in slightly

differences between middle aged and old men and women.

This resulted in effect

different final samples sizes for each type of analysis (Figure 2.1). Three participants

sizes (Cohen f) of 0.29 and 0.33 respectively. Using alpha=0.05 and 2-sided testing

(1 dementia, 1 MCI, 1 control) were excluded because of missing outcomes for all

this resulted in a total sample size of n=117 for ARI (n=39 per group) and n=90 for BRS

analyses. Figure S1 presents representative recordings of BP (MAP) and transcranial

(n=30 per group) to achieve power of 0.80.

Doppler ultrasonography (MCBFV) for the different parts of the protocol.

31

36

Dementia
n=54

Rest: n=54

Challenges: n=53
n=1 not done

MCI
n=38

Rest: n=38

Challenges: n=36
n=2 not done

Controls
n=48

Rest: n=48

Challenges: n=42
n=6 not done

TFA: n=41

ARI: n=36

BRS: n=36

n=9 no signal
n=4 no outcome

n=9 no signal
n=9 no signal

n=1 no signal
n=17 no outcome

CVMR: n=32
n=5 not done
n=10 no signal
n=7 no outcome

TFA: n=39

ARI: n=39

BRS: n=50

n=10 no signal
n=4 no outcome

n=10 no signal
n=4 no outcome

n=1 no signal
n=2 no outcome

TFA: n=31

ARI: n=29

BRS: n=25

n=6 no signal
n=1 no outcome

n=6 no signal
n=3 no outcome

n=1 no signal
n=12 no outcome

CVMR: n=22
n=7 not done
n=5 no signal
n=4 no outcome

TFA: n=31

ARI: n=31

BRS: n=35

Recovery: n=32

n=5 no signal

n=5 no signal

n=1 no signal

n=3 not done
n=3 no signal

TFA: n=41

ARI: n=39

BRS: n=41

n=6 no signal
n=1 no outcome

n=6 no signal
n=3 no outcome

n=1 no signal
n=6 no outcome

TFA: n=37

ARI: n=36

BRS: n=38

n=5 no signal

n=5 no signal
n=1 no outcome

n=4 no outcome

Recovery: n=52
n=2 no signal

Figure
Figure 2.1
2.1 Flow diagram showing the final sample sizes for each type of analysis. The final sample sizes
are shown for each part of the protocol (“rest”, “challenges”, “CVMR” and “recovery”) and type of analysis
(“TFA”, “ARI” and “BRS”) per group. Data could be missing for one of the following reasons: measurement
was not done (“not done”), BP or TCD signal was missing (“no signal”) or the outcome was not passing
the quality criteria set a priori for an analysis as described in the methods section (“no outcome”).
MCI = mild cognitive impairment; TFA = transfer function analysis; ARI = autoregulatory index; BRS =
baroreflex sensitivity; CVMR = cerebral vasomotor reactivity; TCD = transcranial Doppler.
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Participant characteristics are shown in Table 2.1. Dementia patients were older (73.1

CBF AND CEREBROVASCULAR RESISTANCE IN AD

[95% CI, 71.4-74.8]) compared to both MCI (69.2 [95% CI, 66.4-72.0]) and controls

MCBFV was much lower in patients with dementia (38.8 cm/s [95% CI, 36.0-41.6])

(69.4 [95% CI, 68.3-70.5], P=0.003). As expected based on selection of healthy

compared to controls (46.6 cm/s [95% CI, 44.1-49.2], P<0.001; Table 2.2). There was a

controls, vascular comorbidities were more prevalent in MCI and dementia compared

significant effect of group on CVR index (P=0.016) with the lowest CVR index observed

with controls. Antihypertensive drugs were used by 30.2% and 37.8% of dementia and

in controls. Specifically, CVR index was markedly elevated in MCI (2.38 mm Hg/cm per

MCI patients, respectively. Patients with MCI had a higher brachial SBP (P=0.024) and

second [95% CI, 2.16-2.59]) compared to controls (1.95 mm Hg/cm per second [95%

diastolic BP (P=0.009) during screening. Participant characteristics of the final sample

CI, 1.79-2.11]).

sizes for each type of analysis were not significantly different from those presented in
CA AND BRS DURING REST

Table 2.1 (see Table S1).

Table 2.2 provides an overview of CA and BRS parameters assessed during rest, when
CA and BRS were evaluated using spontaneous oscillations in BP, heart rate and CBF. In
accordance with the observed higher brachial BP, MCI patients had higher finger MAP

Table 2.1 Participants characteristics
Characteristics

Dementia

MCI

Controls

P

n

53

37

47

Age, years

73.1 (71.4-74.8)

69.2 (66.4-72.0)

69.4 (68.3-70.5)

0.003

Female, %

52.8 (28)

35.1 (13)

42.6 (20)

0.238

Body mass index, kg m-2

25.0 (24.0-26.0)

26.0 (24.8-27.3)

26.3 (25.3-27.2)

0.151

Cerebral Autoregulation

CDR, %

0

-

-

100 (47)

na

0.5

35.8 (18)

100 (37)

-

The ARI did not differ between the groups as shown in Table 2.2 and Figure 2.2A.

1

49.1 (26)

-

-

2

(97.3 mm Hg [95% CI, 90.9-103.6], P=0.001) and SBP (153 mm Hg [95% CI, 140-166],
P=0.012).

In addition, we found no differences between the groups for the TFA parameters
phase and gain in the very low and low frequency bands where CA is active, except

15.1 (8)

-

-

MMSE score

20.6 (19.7-21.6)

-

28.6 (28.2-29.0)

<0.001

for normalized gain (normalized because of the baseline differences in MCBFV) in the

MoCA score

-

22.9 (22.1-23.7)

-

na

low frequency band in the dementia group (1.64 % per mm Hg [95% CI, 1.50-1.78])

Use of medication, % (n):
30.2 (16)

37.8 (14)

-

0.500

compared with controls (1.41 % per mm Hg [95% CI, 1.30-1.52], P=0.007). Figure 2.2

≥2 AHD

3.8 (2)

18.9 (7)

-

na

and Figure S2 show the gain, phase, normalized gain and coherence for the whole CA

ACE inhibitor

13.2 (7)

10.8 (4)

-

na

ARB

9.4 (5)

13.5 (5)

-

na

spectrum (0-0.5 Hz).

Diuretic

11.3 (6)

10.8 (4)

-

na

Beta blocker

-

16.2 (6)

-

na

Baroreflex Sensitivity

CCB

-

13.5 (5)

-

na

The transfer function gain between SBP and R-R interval in controls was comparable to

Statin

15.1 (8)

29.7 (11)

-

0.094

0

26.4 (14)

18.9 (7)

72.3 (34)

0.687

recently published reference values for adults between 65 to 80 years.36 We observed

1

41.5 (22)

45.9 (17)

27.7 (13)

2

24.5 (13)

21.6 (8)

-

3

7.5 (4)

13.5 (5)

-

SBP, mmHg

138 (135-142)

142 (135-149)

133 (130-137)

0.024

DBP, mmHg

78 (76-80)

84 (80-88)

79 (76-81)

0.009

AHD

VCS, %

Values are presented as mean (95% CI) or % (n). Test statistics used is F-statistic for age, BMI, SBP and DBP
and χ2-statistic for categorical data. P-value for use of AHD, VCS and statin results from comparison between
dementia and MCI. P-value for MMSE results from comparison between dementia and controls. MCI=
mild cognitive impairment; CDR= clinical dementia rating; MMSE= Mini-Mental State Examination; MoCA=
Montreal Cognitive Assessment; AHD= antihypertensive drugs; ACE= angiotensin-converting-enzyme; ARB=
angiotensin II receptor blocker; CCB= calcium channel blocker; VCS= vascular comorbidity score; SBP=
systolic blood pressure; DBP =diastolic blood pressure.

no difference in BRS gain between groups, as displayed (Table 2.2; Figure 2.3A).
CA AND BRS DURING ORTHOSTATIC CHALLENGES
The multiple orthostatic challenges resulted in repeated substantial BP changes of ≈25%
(corresponding to 23 mm Hg for MAP) in all groups (Table 2.2). The resulting changes in
MCBFV were largest for the healthy controls (17.5 cm/sec [95% CI, 15.4-19.5], P<0.001or
38.2 % [95% CI, 34.3-42.1], P<0.001) (Table 2.2). We found a small decline in EtCO2 during
the orthostatic challenges as compared with rest, consistent with previous reports,37 but
this decline was not significant, irrespective of group (-0.09 kPa [95% CI,-0.18-0.01],
P=0.083) and was also not different between groups (P=0.886).
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Dementia

MCI

mean

mean

(95% CI)

Controls
(95% CI)

mean

(95% CI) P

A. During rest
82.1

(76.4-87.8)

97.3

(90.9-103.6)

87.9 (83.3-92.4)

0.001

MCBFV, cm/s

38.8 (36.0-41.6)

43.0

(38.8-47.2)

46.6 (44.1-49.2)

0.004

CVRi, mmHg/cm/s

2.22 (36.0-41.6)

2.38

(2.16-2.59)

1.95

(1.79-2.11)

0.016

EtCO2, kPa

4.86 (4.57-5.14)

5.09

(4.88-5.29)

4.46 (4.21-4.71)

0.002

ARI

4.81

(4.24-5.39)

4.98

(4.39-5.57)

4.33 (3.83-4.83)

0.200

GainVLF, cm/s/mmHg

0.47

(0.42-0.52)

0.43

(0.38-0.49)

0.50 (0.46-0.55)

0.138

Gainnorm-VLF, %/mmHg

1.18

(1.06-1.30)

1.01

(0.92-1.10)

1.10

(1.00-1.18)

0.075

PhaseVLF, degrees

54.7

(47.6-61.8)

54.6

(46.6-62.6)

51.5

(47.2-55.8)

0.562

GainLF, cm/s/mmHg

0.63 (0.57-0.69)

0.63

(0.55-0.70)

0.65 (0.59-0.71)

0.805

Gainnorm-LF, %/mmHg

1.64

(1.50-1.78)

1.47

(1.35-1.59)

1.41

(1.30-1.52)

0.007

PhaseLF, degrees

37.0

(31.0-43.0)

30.4

(26.3-34.5)

32.7 (29.0-36.4)

0.105

SBP, mmHg

132

(123-142)

153

(140-166)

137

0.012

HR, beats/min

64.9 (62.0-68.0)

62.8

(59.1-67.0)

64.1 (61.5-66.8)

0.709

BRSGAIN, ms/mmHg

4.98 (4.01-5.95)

4.96

(3.96-5.97)

4.05 (3.57-4.53)

0.130

10

8

8

6

6

4

4

2

2

Dementia

MCI

0

Controls

B. Gain-norm rest
2.5

Cerebral autoregulation

P=0.007

3.0

Controls

2.0
1.5
1.0

90.6 (85.3-95.9)

0.553

MCBFV, cm/s

39.7

(37.3-42.0)

42.0

(38.0-45.9)

45.3 (42.2-48.4)

0.092

CVRi, mmHg/cm/s

2.43

(2.22-2.65)

2.38

(2.18-2.57)

2.11

(1.92-2.29)

0.088

EtCO2, kPa

4.61

(4.28-4.95)

4.79

(4.61-4.98)

4.44 (4.21-4.67)

0.233

ΔMAP, mmHg

23.2

(20.8-25.5)

20.8

(18.8-22.8)

24.7

(22.4-27.0)

0.061

ΔMAP, %

25.2

(22.6-27.9)

22.4

(20.0-24.7)

27.2

(24.4-30.0)

0.045

ΔMCBFV, cm/s

14.3

(12.6-16.0)

11.6

(9.9-13.4)

17.5

(15.4-19.5)

<0.001

ΔMCBFV, %

35.9 (32.2-39.6)

27.8

(25.0-30.5)

38.2 (34.3-42.1)

<0.001

ARI

4.56 (4.14-4.97)

4.59

(4.04- 5.13)

3.71

(3.35-4.07)

0.011

Gain, cm/s/mmHg

0.59 (0.51-0.66)

0.51

(0.44-0.59)

0.67 (0.59-0.74)

0.017

Gainnorm, %/mmHg

1.47

(1.33-1.62)

1.23

(1.09-1.37)

1.45

0.027

Phase, degrees

47.1

(42.8-51.3)

49.8

(45.3-54.4)

43.3 (39.4-47.1)

0.089

SBP, mmHg

151

(143-159)

157

(145-170)

151

(143-159)

0.371

HR, beats/min

71.5

(68.9-74.4)

68.8

(65.4-72.0)

72.7

(69.7-76.1)

0.236

BRSGAIN, ms/mmHg

3.22

(2.70-3.73)

4.03

(3.12-4.94)

3.03 (2.54-3.53)

0.123

BRSUP, ms/mmHg

4.75

(3.83-5.67)

5.91

(4.45-7.36)

4.62

(3.58-5.65) 0.283

BRSsDOWN, ms/mmHg

3.17

(2.65-3.69)

4.19

(3.22-5.15)

2.81

(2.17-3.43)

(1.33-1.58)

0.2

0.3

0.4

P=0.038

2.0
1.5

0.5

C. Phase rest

Dementia

MCI

Controls

MCI

Controls

F. Phase challenge
Dementia

75

100

MCI
Controls

50
25
0

Figure 2.2

80
60
40
20
0

-25

Reported P value resulting from ANCOVA corrected for age. MCI = mild cognitive impairment; MAP = mean
arterial pressure; MCBFV = mean cerebral blood flow velocity; CVRi = cerebrovascular resistance index;
EtCO2 = end-tidal CO2; ARI = autoregulatory index; VLF = very low frequency; LF = low frequency; NORM =
normalized; SBP = systolic blood pressure; HR = heart rate; BRS = baroreflex sensitivity.

Controls

Frequency (Hz)

Baroreflex sensitivity

0.091

MCI

2.5

0.5
0.1

Phase (degrees)

(89.1-103.2)

Phase (degrees)

96.1

Dementia

1.0

0.5

93.0 (87.6-98.4)

2

E. Gain-norm challenge
Dementia

B. During orthostatic challenges
MAP, mmHg

P=0.015

MCI

Baroreflex sensitivity
(130-144)

10

0

Gain (%/ mmHg)

MAP, mmHg

ARI

Cerebral autoregulation
2

D. ARI challenge

Gain (%/ mmHg)

Variable

A. ARI rest

ARI

Table 2.2 Cerebral autoregulation and baroreflex sensitivity parameters

0.1

0.2

0.3

0.4

0.5

Dementia

Frequency (Hz)

Figure 2.2 Outcomes of cerebral autoregulation. (A, D) Scatter plots of the autoregulatory index. (A)
during rest (D) during orthostatic challenges. (B, C, E, F) Outcome measures of transfer function analysis
during rest and during orthostatic challenges. (B, E) normalized gain; (C, F) phase. Transfer function
analysis outcomes during rest are visualized as frequency plot with 95% CI, for dementia patients
(dotted line), MCI patients (dashed line) and controls (solid line). Outcomes during orthostatic challenges
are presented as scatter plots at the sit-to-stand frequency (0.04-0.06 Hz). Scatter plots: each dot
represents one participant and bars indicate the mean and 95% CI. Better cerebral autoregulation is
indicated by higher autoregulatory index, lower gain and higher phase. MCI = mild cognitive impairment.
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A. BRS-gain rest

B. BRS-gain challenge
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10

5

0

Dementia

MCI

Controls

differences in CA and BRS parameters between patients using antihypertensive drugs
and patients not using antihypertensive drugs (see Table S3).
RELATIONSHIP BETWEEN CVMR AND CA AND BRS PARAMETERS
There was no difference in CVMR between dementia (46.7 [95% CI, 18.6-74.9]) and MCI

10

patients (45.5 [95% CI, 12.0-78.2], P=0.768), so they were pooled. Table 2.3 shows that
neither ARI nor BRS differed between the lowest (≤40.5%) and highest tertile (≥51.5%)

5

of CVMR. Similarly, no association between any of the TFA parameters and CVMR was
0

Dementia

MCI

Controls

observed (Figure S3; Table S4).

Figure 2.3 Outcomes of baroreflex sensitivity. Scatter plots of the baroreflex sensitivity. (A) during rest;

RELATIONSHIP BETWEEN ORTHOSTATIC SBP RECOVERY AND CA AND BRS

(B) during orthostatic challenges. Each dot represents one participant and bars indicate mean and 95%

PARAMETERS

CI. Higher gain indicates better function. BRS = baroreflex sensitivity; MCI = mild cognitive impairment.

SBP recovery did not differ between dementia (101.9 % [95% CI, 99.5-104.2]) and MCI
patients (101.2 % [95% CI, 98.9-103.4], P=0.694). As shown in Table 2.3 there were no
differences in ARI or BRS outcomes between the lowest (≤98%) and highest tertile

Cerebral Autoregulation

(≥105%) of SBP recovery. TFA parameters between tertiles are shown in Figure S4

As expected, the orthostatic challenges with their stronger corresponding changes in

and Table S5. When comparing the group with a partial SBP recovery (≤95%, n=18) to

BP and CBF led to an increased TFA coherence between MAP and MCBFV in the very

the group with full recovery (≥100%, n=50), no differences in any of the CA and BRS

low frequency band in all 3 groups (mean increase, 0.30 arb. unit [95%CI, 0.26-0.33],

parameters were found as well (Table S6).

P<0.001) compared with rest, increasing the reliability of the transfer function gain
and phase estimates.29 Phase did not differ between the 3 groups at the sit-to-stand
frequency (0.04-0.06 Hz) as shown in Table 2.2 and Figure 2.2F. Gain was higher in
the control group (0.67 [95% CI, 0.59-0.74]) compared to MCI patients (0.51 [95%CI,
0.44-0.59], P=0.017), while normalized gain was higher in dementia patients (1.47 [95%
CI, 1.33-1.62]) compared to MCI patients (1.23 [95%CI, 1.09-1.37], P=0.027; Table 2.2;
Figure 2.2D; Figure S2). ARI was lower in controls (3.71 [95% CI, 3.35-4.07]) compared
to both the dementia (4.56 [95% CI, 4.14-4.97]) and MCI patients (4.59 [95% CI, 4.045.13], P=0.011; Table 2.2; Figure 2.2B).
Baroreflex Sensitivity
Average SBP and heart rate were increased in all groups compared with rest (SBP

Table 2.3 Autoregulatory index and baroreflex sensitivity in subgroups of patients
Variable

Lowest tertile

Highest tertile

mean

95% CI

n

mean

95% CI

n

P

29.8

(26.0-33.7)

[18]

61.9

(57.5-66.4)

[18]

na

ARI, arb. unit

5.13

(4.16-6.10)

[15]

4.55

(3.74-5.36)

[17]

0.333

BRSGAIN, ms mmHg-1

5.76

(3.20-8.32)

[11]

4.49

(3.65-5.33)

[16]

0.243

ARI

4.40

(3.73-5.06)

[17]

4.65

(4.11-5.19)

[17]

0.542

BRSGAIN, ms mmHg-1

3.62

(1.87-5.37)

[13]

3.19

(2.38-4.00)

[16]

0.613

93.8

(92.2-95.4)

[28]

109.4

(107.3-111.5)

[29]

na

A. Tertiles based on CVMR
CVMR, %
During rest

During orthostatic challenges

B. Tertiles based on SBP recovery
SBP recovery, %

increase: 13.4 mm Hg [95% CI, 9.5-17.2], P<0.001; heart rate increase: 8.5 beats/min

During rest

[95% CI, 7.4-9.5], P<0.001). We found no significant differences between the groups

ARI, arb. unit

4.86

(4.22-5.49)

[20]

4.78

(4.05-5.52)

[24]

0.870

BRSGAIN, ms mmHg-1

5.35

(4.02-6.69)

[22]

4.48

(3.12-5.83)

[18]

0.346

for both methods used to estimate cardiac BRS (Table 2.2; Figure 2.3B). Again, the

During orthostatic challenges

BRS-gain was comparable to values found by Xing et al.36 In sensitivity analyses, we

ARI

4.23

(3.58-4.87)

[23]

4.87

(4.35-5.38)

[23]

0.115

corrected all models for sex and included the sex*group interaction term, because

BRSGAIN, ms mmHg-1

3.55

(2.69-4.42)

[22]

3.38

(2.46-4.30)

[22]

0.782

previous studies have reported sex differences for hemodynamic parameters.36,38,39
This did not alter the main results of the study (Table S2). Furthermore, there were no

36

The lowest tertile of CVMR contains patients with CVMR ≤40.5%, the highest tertile CVMR contains patients
with CVMR ≥51.5%. For SBP recovery, the lowest tertile contains patients with recovery ≤98% and the highest
tertile contains patients with recovery ≥105%. Data from dementia and MCI patients are pooled into one group.
CVMR = cerebral vasomotor reactivity; ARI = autoregulatory index; BRS = baroreflex sensitivity; SBP = systolic
blood pressure.
37
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DISCUSSION

might suggest reduced CA.32 However, this was not reproduced in the present study
with a much larger sample size.

This case-control study of cerebrovascular physiology in AD investigated whether the
2

key mechanisms to control the short-term stability of BP (ie, BRS) and of CBF (ie, CA)

Regulation of BP, expressed by BRS, was also preserved in AD in the current study.

are affected in this highly prevalent disease. Because any degree of impairment might

This is in contrast with earlier suggestions of autonomic dysfunction in AD44 and with

depend on the extent of the underlying Alzheimer pathology, we investigated patients

pilot studies that found decreased BRS in patients with AD.11,12 However, a study that

in both early (MCI) and more advanced (dementia) stages of AD and compared these

explored BRS in patients with MCI using the current gold standard (the modified Oxford

to a group of controls. With a sample size that is large for studies on hemodynamic

method), did not show impairment in BRS.45 Our present study extends those findings

physiology, the study was powered to detect relevant between-group differences.

to a more advanced stage of AD (i.e. dementia). Like the modified Oxford method, our

Our findings indicate no reduced function of CA and BRS in AD compared with

method to assess BRS during orthostatic challenges also uses large oscillations in BP

controls, both during rest and during a protocol aimed at inducing changes in BP with

(∆MAP of ≈25%) to obtain more reliable estimates.

a magnitude that reflects daily life challenges to these two systems. Even when we
subdivided AD patients in groups with high and low cerebrovascular or cardiovascular

In aging and AD there inherently is a large degree of heterogeneity,46,47 possibly resulting

burden (based on CVMR and orthostatic BP recovery), we observed no differences in

in subgroups with different degrees of cerebrovascular comorbidity. Therefore, we used

CA and BRS functioning. The same held true when we compared patients with and

CVMR as a marker of cerebrovascular disease and divided dementia and MCI patients

without antihypertensive treatment.

into tertiles of CVMR.24,25 There were no differences in BRS and CA estimates between
these subgroups (Table 2.3). In a similar way, this heterogeneity applies to orthostatic

Our findings for CA are inconsistent with animal studies reporting severe impairments

BP recovery, which is a marker of overall cardiovascular disease and physical frailty,48

in CA in AD.

However, these studies used models of quite extreme BP changes

and has been suggested recently as a marker of increased dementia risk,49 associated

(ie a range of MAP values of 20-160 mm Hg) which do not translate to changes that

with autonomic dysfunction.50 We therefore divided dementia and MCI patients into

occur as a result of orthostatic changes, hypertension or antihypertensive treatment.

tertiles of orthostatic BP recovery, but found no differences in estimates of BRS or CA

BP changes of this magnitude are clinically only observed in situations such as

(Table 2.3).

6,7,40

hemorrhagic or septic shock or malignant hypertension. Conversely, our observations
are consistent with earlier pilot studies in dementia9,10,32 and MCI that assessed CA

In summary, integrating preclinical and clinical pilot studies with our present work, we

during rest.

conclude that CA and BRS are not reduced in AD, both at the MCI and dementia stage,

41

compared to controls for transient BP changes that fall within a range of MAP ≈70 to
Although in conditions such as acute ischemic stroke it was possible to detect reduced

130 mm Hg.

CA (eg ARI 3.2, compared with 4.5 in controls) using the spontaneously occurring
changes in BP,42 it has been argued that the this method may provide insufficient

CEREBROVASCULAR RESISTANCE IN AD

challenges to truly assess CA.

Therefore, we also studied CA during much larger

Previous studies have assessed the relationship between CBF and AD. In accordance

changes in BP (∆MAP of ≈25%) induced by repeated orthostatic challenges. Such

with our observations, these studies consistently report decreased CBF in AD.51 The

changes are deemed clinically more relevant because they mimic (or even exceed) the

importance of this decreased CBF is further demonstrated as it predicts development

magnitude of BP changes during daily life postural changes (orthostatic hypotension)

of AD, especially when BP is high52 and by its decline with disease progression.53

and BP lowering treatment. Also under these conditions, we observed no reduced

Moreover,

function of CA in AD compared with controls. This is again consistent with earlier

deterioration.

pilot studies that investigated CA during squat-to-stand maneuvres, and during sit-

predictor than reduced CBF for disease progression in late-onset AD, especially in the

to-stand maneuvres.10 In the latter study only the relative maximal induced changes in

earlier stages of the disease.56 Increased CVR, such as we observed in MCI patients,

MCBFV were larger in the patients (n=9, 27%) compared to controls (n=24, 22%), which

preceded (and not followed) reductions in metabolic demand, brain atrophy, cognitive

43

9

38

decreased
55

CBF is linked to amyloid accumulation54 and to cognitive

Recently it was suggested that increased CVR is an even stronger

39
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decline and even amyloid accumulation. Given these known effects of decreased CBF

been described in a consensus paper.29 Similarly, for our estimations of BRS, we used a

and increased CVR in AD, it is essential that CBF is not further reduced in AD patients

validated method that equals or even outperforms the current gold standard.33

by antihypertensive treatment. This stresses why it is important to establish normal
function of the mechanisms that control BP and CBF function in AD.

A possible limitation to this study is that, although AD MCI and dementia diagnoses
were established according to the NIA-AA guidelines using clinical, cognitive and

2

The evidence of early abnormalities in CVR and CBF in AD raises the question how

magnetic resonance imaging biomarkers, the diagnosis was not confirmed with

this can be reconciled with no reduced CA function. This might be explained by the

amyloid biomarker evidence. However, the diagnostic accuracy of clinical AD is ≈79%62

locations in the cerebrovascular bed where CA operates and where AD pathology

and the prevalence of amyloid positivity on positron emission tomography-imaging in

is located. Some evidence points to the arteriolar and capillary beds as the main

clinically diagnosed AD patients in the age group we studied ranges between 78% (95%

contributors to determine resistance,57 whereas other evidence indicates the proximal

CI, 71–84) for ApoE ε4 negative to 94% (95% CI, 92-96) for ApoE ε4 positive patients.63

vessels (carotid and vertebral arteries and the vessels in the circle of Willis).

58

One

hypothesis to explain our observations is that the increased CVR in AD is caused by

Changes in vessel diameter can affect measurement accuracy of CBF with transcranial

amyloid-related microvascular changes, without affecting the proximal vessels, which

Doppler. In particular, during sit-to-stand maneuvers, sympathetic activation could

then remain able to adapt CVR to stabilize CBF (normal CA). An alternative hypothesis

induce up to a 2% decrease in cross-sectional area, leading to a small overestimation

is that of enhanced cerebrovascular contractility, which has previously been shown in

of CBF.64 However, there is no evidence that this overestimation would differ between

AD. Enhanced contractility will lead to an exaggerated vasoconstriction response to

dementia, MCI and controls. Moreover, such overestimation of CBF would only

increases in BP, which will result in highly effective CA for BP increases, at the cost of a

influence TFA gain and not phase. Techniques such as MR arterial spin labeling,

chronic reduction in CBF if BP is chronically elevated (as is expected with aging, where

SPECT and Xenon-CT would overcome this problem, because they assess flow at

>60% of the population is hypertensive).

Our observation that CA is not reduced for

the microcirculation level.65 Additionally, they provide regional information on CBF.

both increases and decreases in BP suggests that normal vasodilation is still retained

However, their temporal resolution is currently too low to assess the dynamics of CA.

59

60

in this scenario.
As shown in Figure 2.1, data were missing in this study because of absence of signal
STRENGTHS AND LIMITATIONS

(e.g. no temporal window) or not meeting quality control criteria. These missing data

The major strength of this study compared with previous studies is the conjoint

were not related to disease severity, that is, Clinical Dementia Rating score (Table

investigation of 2 cerebroprotective mechanisms within a range of measures, both

S1). In many cases, signal loss was caused by an absent insonation window in the

during rest and during orthostatic challenges and in a large number of participants.

temporal bone, but this phenomenon is a random factor unrelated to CA. Irregular

All previous studies focused on only 1 mechanism on the heart-brain axis. However,

heart rhythms caused missing data for BRS assessed during rest, but not for BRS during

CBF regulation relies on synchronization between general and local mechanisms.

the orthostatic challenges and missing data were not correlated to low or high BRS

Especially during daily activities this synchronization is important to prevent periods of

(Table S6).

hypoperfusion. Precisely during these short-period BP oscillations BRS and CA are the
most important mechanisms in maintaining CBF.61

The dementia patients were slightly older than the controls, which, if anything, would
cause a bias toward decreased CA and BRS in dementia. The MCI patients had a higher

There is an ongoing debate about whether CA can best be studied during rest or during

BP, but hypertension most likely does not alter CA.66 Furthermore, by including a control

challenges.42 Therefore, the absence of difference in CA parameters in both situations

group without cognitive problems and without cardiovascular history, the control

strengthens the finding that this cerebroprotective mechanism still functions well in

group would be expected to be biased toward a better CA and BRS. Thus, any bias

AD. Although there is no gold standard to assess CA at present, TFA using transcranial

resulting from these between-group differences would have led to an overestimation

Doppler can be regarded as the reference standard. This technique is frequently and

of the level of impairment of CA and BRS in MCI and/or dementia and cannot have led

extensively used and a standardized method of assessment and analysis has recently

to our current findings.

40
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Although the lack of an intervention with an antihypertensive drug limits direct
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translation to clinical practice, the sensitivity analyses comparing those on and off
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antihypertensive treatment (Table S3) did not show any differences in CA and BRS. This
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suggests that antihypertensive treatment itself will not affect these dynamic control

the recruitment and screening of participants. We thank Olga Meulenbroek for her

mechanisms.

role in obtaining funding and for her energetic supervision during the data collection.

Finally, one of the inherent problems with case-control studies is that selection
impedes generalization of the results. Patients with MCI and dementia who participate
in clinical research are less frail than those seen outside a research setting. Nonetheless,
our sample did include frail patients, that is, dementia patients with Clinical Dementia
Rating 2, and patients with comorbidities. Also, the subgroup analyses based on
markers for autonomic dysfunction and cerebrovascular disease showed no difference
between those patients who were most and least affected.
CONCLUSIONS
This study investigated the 2 main short-term cerebroprotective mechanisms, BRS,
and CA, in AD and controls. With a range of measures during both rest and orthostatic
challenges, we found that these control mechanisms for BP and CBF were preserved
in AD in different stages of the disease.
PERSPECTIVES
The present study did not find evidence to support the hypothesis that the mechanisms
to control stability in BP and CBF are affected in AD at the MCI or dementia stage.
Although these findings of normal CA for short-term BP changes do not necessarily
implicate that CBF remains stable during long-term changes in BP,67 it is in keeping with
an earlier demonstration that CBF was maintained after BP reduction in a small group
of MCI patients.68 Conversely, this finding may explain why an increase in BP, through
discontinuation of antihypertensives, in MCI patients did not result in improvements
in CBF.69 Integrating these findings, we observe no evidence that AD patients have an
inherently increased risk that lowering BP (with antihypertensive treatment) will lead
to a (further) reduction in CBF or to BP instability, although this needs to be confirmed
in follow-up studies that measure the CBF response to long-term BP lowering with
antihypertensive treatment. Previous observational studies have suggested that
patients with MCI or dementia who are treated with antihypertensives fare worse than
those who are not, in terms of cognitive function.3,70 Alternative hypotheses must be
considered to explain these findings, because the hypothesis that this decline was
because of failure of CA and BRS in AD was not confirmed in our study.
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ABSTRACT

INTRODUCTION

BACKGROUND

With an estimated prevalence of 45%, hypertension is a common co-morbidity among

Hypertension is common among patients with Alzheimer’s disease (AD). Because

patients with Alzheimer’s disease (AD).1 Despite this high prevalence, this patient group

this group has been excluded from hypertension trials, evidence regarding safety

has not been represented in hypertension trials, leading to uncertainty regarding

of treatment is lacking. This secondary analysis of a randomized controlled trial

the benefit-to-risk ratio of antihypertensive treatment in these patients.2 This same

assessed whether antihypertensive treatment increases the prevalence of orthostatic

discussion concerns frail, older people in general.3 In the absence of evidence, current

hypotension (OH) in patients with AD.

guidelines advise to be cautious when starting antihypertensive treatment in these

3

3

groups.4-6
METHODS
477 patients with mild-to-moderate AD were randomized to the calcium-channel

A widely voiced concern among physicians is that older people develop orthostatic

blocker nilvadipine 8 mg/day or placebo for 78 weeks. Presence of OH (blood pressure

hypotension (OH) following antihypertensive treatment.7 The prevalence of OH

[BP] drop ≥20/≥10 mmHg at 1-minute of standing) and OH-related adverse events

increases with age,8 and has been associated with cognitive decline,9 possibly caused

(dizziness, syncope, falls and fractures) was determined at 7 follow-up visits.

by AD pathology. OH is an independent risk factor for future falls.10 Therefore, if
antihypertensive treatment increases the risk of OH, it could unintentionally lead to

RESULTS

increased frailty, institutionalization or mortality,11 especially in AD, where cerebral

Mean age of the study population was 72.2±8.2 years and mean Mini-Mental State

hypoperfusion following OH could accelerate cognitive decline.12

Examination score was 20.4±3.8. Baseline BP was 137.8±14.0/77.0±8.6 mmHg. Grade I
hypertension was present in 53.4% (n=255). After 13 weeks, BP had fallen by -7.8/-3.9

Evidence about antihypertensive treatment and OH has mainly emanated from

mmHg for nilvadipine and by -0.4/-0.8 mmHg for placebo (P<0.001). Across the 78-

observational studies,13-16 while results from randomized clinical trials (RCTs) in healthy

week intervention period, there was no difference between groups in the proportion

older people showed that improved control of blood pressure (BP) did not result in a

of patients with OH at a study visit (odds ratio [95% CI]= 1.1 [0.8-1.5], P=0.62), nor in

larger difference between sitting and standing BP.17,18 Whether this also holds for frail

the proportion of visits where a patient met criteria for OH, corrected for number of

populations, such as patients with AD, is currently unknown.

visits (mean [SD]= 7.7 [13.8] % vs 7.3 [11.6]). OH-related adverse events were not more
often reported in the intervention group compared to placebo. Results were similar for

The Nilvad trial was designed to investigate the putative anti-amyloid properties

those with baseline hypertension.

of the calcium-channel blocker nilvadipine in mild-to-moderate AD.19 The trial
result was negative for cognitive and functional outcomes.20 However, nilvadipine’s

CONCLUSIONS

antihypertensive properties are comparable to other, more commonly used, calcium-

This study suggests that initiation of low dose of antihypertensive treatment does not

channel blockers.21,22 Therefore, pre-planned monitoring of BP throughout the study

significantly increase the risk of OH in patients with mild-to-moderate AD.

allowed us to explore the effect of starting an antihypertensive drug on the prevalence
of OH in AD. Specifically, the aim of this study was to investigate whether BP lowering
with nilvadipine increased the prevalence of OH and OH-related clinical outcomes in
patients with mild-to-moderate AD
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METHODS

MEASUREMENTS
At every visit, intermittent BP was measured by qualified study site staff after 5

STUDY DESIGN

minutes of rest in sitting position, and again after 1 and 5 minutes of standing, using

The Nilvad trial (NCT02017340) was a randomized, double-blind, placebo-controlled

a manual sphygmomanometer. Any symptoms noted during standing were recorded.

trial (RCT), conducted at 23 sites in 9 European countries. The trial was approved by

At baseline, the Alzheimer’s Disease Assessment scale25 was used to assess cognitive

institutional review boards of each participating country and all patients, as well as

function, the Disability Assessment for Dementia questionnaire26 was used to assess

relevant caregivers, gave written informed consent. A complete description of the trial

functional abilities, and the Clinical Dementia Rating scale27 was used to characterize

has been published previously. The main outcome of the trial and any changes made

dementia stage. For patients who had consented to the Nilvad frailty-substudy, a

to the study protocol after trial commencement have been reported by Lawlor et al.

baseline Frailty Index was derived.28, 29 This index comprised the ratio of deficits present

(2018).20

out of 26 possible deficits across multiple domains, resulting in a score between 0-1

19

3

(see Table S1 for a detailed description). We classified patients as fit (index ≤0.10), less
PARTICIPANTS

fit (0.10<index≤0.21) or frail (index>0.21) analogous with the Systolic Blood Pressure

Patients were recruited from 13 academic and 10 general memory clinics. Patients

Intervention Trial (SPRINT) criteria.30 Adverse events and concomitant medication

were eligible if they (1) met the criteria of the National Institute of Neurological and

use were assessed using structured interviews with patient and caregiver at every

Communicative Disorders and Stroke-Alzheimer’s disease and Related Disorders

visit. Concomitant medication was coded according to the Anatomical Therapeutic

Association for the diagnosis mild-to-moderate probable AD, (2) were aged ≥50 years,

Chemical classification system. The study allowed initiation or termination of other

(3) scored between 12-26 on the Mini-Mental State Examination (MMSE),

antihypertensive medication in case patients developed high or low BP during the

23

24

(4) had a

caregiver available and (5) were not using a calcium-channel blocker, beta-blocker

study.

or alpha-blocker. For safety reasons, since the trial was not designed to investigate
BP lowering, BP had to be between 100-159 mmHg for systolic and between 65-

OUTCOMES

99 mmHg for diastolic BP. Patients using a cholinesterase inhibitor or memantine

We constructed three dichotomous outcomes of OH. Classic OH: a drop of ≥20

were eligible if they were on a stable dose for 3 months prior to screening. The main

mmHg in SBP or ≥10 mmHg in DBP after 1 minute of standing compared to sitting BP

exclusion criteria were dementia resulting from other causes and the presence of a

(consensus criteria);31 sit-to-stand OH: a drop of ≥15 mmHg in SBP or ≥7 mmHg in DBP

medical condition that, according to the physician, would preclude participation. A

after 1 minute of standing;32 and symptomatic OH: the presence of symptoms upon

detailed list of in- and exclusion criteria is provided in the trial protocol.19

standing, irrespective of the drop in BP. This latter category (symptoms suggestive
of OH) was included to reduce the risk of missing OH because of false negative

INTERVENTION

intermittent BP measurements. In addition, we examined the change in SBP from

The trial used a parallel-group design with a 1:1 allocation ratio to 8 mg nilvadipine or

sitting to standing on a continuous scale (ΔSBP, in mmHg and %) and the presence of

placebo once daily. Antihypertensive properties of 8 mg of nilvadipine are comparable

classic OH after 5 minutes of standing, referred to as delayed OH.13 Clinical outcomes

to 5 mg of amlodipine.22 Randomization and blinding processes have been described

were reported adverse events of fractures, falls, syncope and dizziness.

elsewhere.19 Briefly, randomization was stratified by study site and all study staff was
blind to randomization. Study medication was dispensed per 98 capsules at baseline

STATISTICAL ANALYSES

and at every 13-week follow-up. Compliance was monitored by collecting the used

The effect of treatment on OH was examined in two ways. First, multivariable logistic

treatment packs and leftover capsules at each visit. Post-randomization visits occurred

regression examined the effect of treatment on the proportion of OH at follow-up, with

at weeks 6, 13, 26, 39, 52, 65 and 78.

fixed effects for treatment, baseline ΔSBP (mean-centered), time and time*treatment
interaction, and random intercepts for patient and study centre, to address correlations
resulting from repeated measures and centre-specific effects. In case time*treatment
interaction was not significant, it was dropped from the model. Second, we examined

54
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RESULTS

the effect of treatment on the number of follow-up visits where a patient met criteria
for OH, using the total number of visits for that patient as the denominator. Descriptive

CHARACTERISTICS

summaries of these results are presented.

The Nilvad trial was conducted between May 2013 and November 2016. Among

3

In addition, linear regression was applied to examine the effect of treatment on ΔSBP,

511 randomized patients, 477 (93.3%) were included in the current per protocol

with fixed effects for treatment, baseline ΔSBP, time and time*treatment interaction,

analysis (Figure 3.1). The proportion of patients that completed all seven follow-up

and random intercepts for patient and study centre. The effect of treatment on the

visits was 68.3% for nilvadipine and 70.5% for placebo (P=0.61). Table 3.1 shows the

presence of reported clinical outcomes during follow-up was evaluated with logistic

baseline demographics and clinical characteristics. Characteristics were the same

regression.

for the complete cases (Table S2). Reasons to be excluded from the per protocol
analysis are detailed in Table S3. The proportion of patients that continuously used

To test for any potential moderating effects, the following baseline variables and the

an antihypertensive agent parallel to the intervention was 25.4% for nilvadipine and

interaction term for these variables with treatment were added as predictors in the

31.6% for placebo (P=0.13). In the nilvadipine group 5.0% started with an additional

analyses described above: BP status (high: ≥140/90 mmHg, normal: 130-139/70-

antihypertensive drug, whereas 7.9% stopped one. In the placebo group this was 9.3%

89 mmHg or low: <130/70 mmHg BP at baseline), MMSE score, age, Frailty Index,

vs. 6.8%, respectively.

diabetes, use of additional antihypertensive medication parallel to the intervention,
use of cholinesterase inhibitors, use of antidepressants.
577 Patients assessed for eligibility

Analyses were performed on the per protocol population, including only measurements
of patients with ≥80% treatment compliance in the 3-month window before that

66 Excluded
10 Refused to participate
9 Ineligible BP
20 Ineligible MMSE
13 Ineligible medication
7 Ineligible medical condition
7 Other reasons

particular measurement. A complete cases analysis (patients included in all 7 followup visits) was performed as well. Missing values were not imputed. Two-sided testing
and an alpha level of 0.05 were used. Since the analyses were performed post hoc,
p-values should be interpreted with caution and 95% confidence intervals of the
outcomes are reported were appropriate. Analyses were performed with SPSS Statistics

511 Randomized

software version 22.0 or the R statistical computing environment.33

Assigned to nilvadipine

258 Assigned to placebo

13 Withdrawals
2 No baseline BP measured
6 Discontinued intervention*
4 Non-compliance†
1 Deceased ‡

21 Withdrawals
11 Discontinued intervention*
9 Non-compliance†
1 No BP measured at follow-up

240 Included in analysis
164 Complete cases

237 Included in analysis
167 Complete cases

Figure 3.1 Flow of participants. BP= blood pressure; MMSE= Mini-Mental State Examination score.
Figure 3.1

56

Patients who discontinued the intervention before attending the first follow-up visit †Patients who were not
compliant to the study medication (compliance <80%) during any of the 3-months windows preceding a
follow-up visit. ‡One patient deceased before the first follow-up visit at week 6 occurred.
*
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by -7.8±14.0 mmHg and -3.9±8.7 mmHg for nilvadipine and by -0.4±14.1 mmHg

Table 3.1 Patient demographics and baseline characteristics
Characteristics

Placebo
(n=237)

Nilvadipine
(n=240)

Women, No. (%)

138 (58.2)

156 (65.0)

between those with high, normal and low BP at baseline (Figure S1), nor between

Age, mean (SD), years

72.0 (7.9)

72.4 (8.6)

those who did, versus did not, use additional antihypertensive drugs parallel to the

93 (39.2)

112 (46.7)

Time since diagnosis of AD, median (IQR), years

0.9 (0.4-2.3)

1.3 (0.5-2.4)

intervention (Figure S2). Similar results were observed for the complete cases (Figure

Mini-Mental State Examination score, mean (SD)

20.5 (3.9)

20.3 (3.8)

AD Assessment Scale – cognitive subscale, mean (SD)

34.6 (10.8)

34.5 (10.5)

Clinical Dementia Rating – sum of boxes, mean (SD)

5.2 (2.7)

5.4 (2.8)

Frailty index*, median (IQR)

0.17 (0.10-0.27)

0.18 (0.11-0.26)

Fit (index≤ 0.10), No. (%)

56 (25.6)

49 (22.3)

Less fit (0.10<index≤0.21), No. (%)

90 (41.1)

86 (39.1)

Frail (index>0.21), No. (%)

73 (33.3)

85 (38.6)

Body Mass Index, mean (SD), kg/m2

25.9 (4.4)

25.3 (4.0)

Sitting systolic blood pressure, mean (SD), mmHg

137.2 (14.2)

138.3 (13.7)

Sitting diastolic blood pressure, mean (SD), mmHg

77.2 (8.6)

76.7 (8.7)

Resting heart rate, mean (SD), beats per min

70.1 (10.3)

70.7 (10.3)

Classic orthostatic hypotension, No. (%)

22 (9.3)

17 (7.1)

Sit-to-stand orthostatic hypotension, No. (%)

33 (13.9)

38 (15.8)

Symptomatic orthostatic hypotension, No. (%)

3 (1.3)

10 (4.2)

Delayed orthostatic hypotension, No. (%)

20 (8.4)

14 (5.8)

Δ systolic blood pressure, mean (SD), mmHg

-0.3 (10.2)

-1.8 (9.6)

Δ systolic blood pressure, mean (SD), %

0.0 (7.3)

-1.1 (7.0)

90 (38.0)

80 (33.3)

3

A Systolic blood pressure
142

Use of medication at study enrollment, No. (%):
At least 1 antihypertensive medication
Angiotensin II receptor blocker

40 (16.9)

33 (13.8)

Angiotensin-converting-enzyme inhibitor

46 (19.4)

38 (15.8)

Diuretic

13 (5.5)

18 (7.5)

Cholinesterase inhibitors

212 (89.5)

210 (87.5)

Memantine

62 (26.2)

64 (26.7)

Antidepressants

83 (35.0)

89 (37.1)

Benzodiazepines

12 (5.1)

7 (2.9)

Antipsychotics

11 (4.6)

11 (4.6)

Statins

79 (33.3)

84 (35.0)

58 (24.5)

61 (25.4)

History of CVD, No. (%)

Antithrombotics

19 (8.0)

19 (7.9)

Diabetes, No. (%)

8 (3.4)

28 (11.7)

Nilvadipine
Placebo

140
138
136
134
132
130
128
0

6

13

26

39

52

65

78

65

78

192
186

190
179

Follow-up, weeks
BDiastolic blood pressure
Diastolic blood pressure, mmHg

3

S2).

Systolic blood pressure, mmHg

Aged ≥75 yrs, No. (%)

and -0.8±9.1 mmHg for placebo (P<0.001 for SBP and DBP). This effect did not differ

*n=219 placebo, n=220 nilvadipine (consented to Nilvad frailty-substudy). AD= Alzheimer’s disease; CVD=
cardiovascular disease.

No. of patients
Placebo
Nilvadipine

CHANGES IN SITTING BLOOD PRESSURE

80
78
76
74
72
70
0

6

13

26

39

52

Follow-up, weeks

237 231 229
240 234 232

220
222

212
203

196
195

Figure 3.2 shows the mean sitting SBP and DBP throughout the study. At baseline,
sitting SBP and DBP were 138.3±13.7 mmHg (mean±SD) and 76.7±8.7 mmHg for

Figure 3.2

Figure 3.2 Effect of treatment on mean sitting systolic and diastolic blood pressure. After 13 weeks of

nilvadipine and 137.2±14.2 mmHg and 77.2±8.6 mmHg for placebo. The proportion

treatment, sitting systolic and diastolic blood pressure had fallen by -7.8±14.0 mmHg and -3.9±8.7

of patients with baseline hypertension (BP≥140/90 mmHg) was 57.1% for nilvadipine

mmHg for nilvadipine and by -0.4±14.1 mmHg and -0.8±9.1 mmHg for placebo (P<0.001 for SBP and

and 49.8% for placebo. After 13 weeks of treatment, sitting SBP and DBP had fallen

DBP). Error bars indicate standard error of mean. No= number.
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ORTHOSTATIC HYPOTENSION AND CLINICAL OUTCOMES
7

Standing - sitting BP, mmHg

Of 477 patients, 32.9% (n=79) in the nilvadipine group and 34.6% (n=82) in the placebo
group met the criteria for classic OH at least once during follow-up. These proportions
were 52.7% and 47.3% for sit-stand OH, 8.3% and 11.4% for symptomatic OH and 38.3%
and 32.9% for delayed OH, in the nilvadipine and placebo group, respectively. For none
of the OH outcomes, there was a significant time*treatment interaction (classic OH:
P=0.47, sit-stand OH: P=0.78, symptomatic OH: P=0.23, delayed OH: P=0.52) and
therefore this term was dropped from the models.

5

Δ DBP placebo

Δ SBP placebo

Δ DBP nilvadipine

Δ SBP nilvadipine
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0
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192
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Follow-up, weeks

Across the 78-week follow-up, there was no statistically significant difference
No. of patients
Placebo
Nilvadipine

between nilvadipine and placebo in the proportion of patients at a study visit meeting
the criteria for classic OH (OR=1.1 [0.8-1.5], P=0.62), sit-stand OH (OR=1.2 [0.9-1.5],

237 231 229
240 234 232

220
222

212
203

P=0.15), symptomatic OH (OR=0.8 [0.3-2.3], P=0.55) or delayed OH (OR=1.2 [0.9-1.6],

Figure 3.4 Effect of treatment on standing minus sitting BP for nilvadipine and placebo at all visits. BP=

P=0.26) (Figure 3.3). In addition, there was no clinically relevant effect of nilvadipine

blood pressure; SBP= systolic blood pressure; DBP= diastolic blood pressure.

on ΔSBP upon standing (in mmHg: β=-0.8 [-1.7-0.2], P=0.13, in %: β=-0.6 [-1.3-0.2],
P=0.12, see Figure 3.4). Similar results were observed for complete cases (Table S4).
FigureThe
3.4

proportion of visits where a patient met criteria for OH did not differ between the

groups. For nilvadipine and placebo, respectively, these proportions were: 7.7±13.8 %

Placebo
Nilvadipine

20

15

10

5

0

0

6

13

and 7.3±11.6 % for classic OH, 14.8±18.7 % and 12.2±15.5 % for sit-stand OH, 1.8±6.6

B. Sit-to-stand orthostatic hypotension

25

26

39

52

65

78

Sit-Stand orthostatic hypotension (%)

Classic orthostatic hypotension (%)

A. Classic orthostatic hypotension

25

Placebo
Nilvadipine

20

15

% and 2.4±8.0 % for symptomatic OH and 8.5±14.3 % and 7.3±12.3 % for delayed
OH. There were no differences between the groups in the prevalence of OH-related
relevant clinical outcomes of fractures, falls, syncope or dizziness (Table 3.2).
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Follow-up, weeks
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Follow-up, weeks

RELATIONSHIP BETWEEN PATIENT CHARACTERISTICS AND OH
None of the investigated baseline patient characteristics were significant predictors of

25

Placebo
Nilvadipine

20

15

10

5

0

0

6

13

26

OH or moderated the effect of treatment on OH (Table S5). For example, there were

D. Delayed orthostatic hypotension

39

Follow-up, weeks

52

65

78

Delayed orthostatic hypotension (%)

Symptomatic orthostatic hypotension (%)

C. Symptomatic orthostatic hypotension

25

Placebo
Nilvadipine

20

15

no differences between patients with high, normal, or low BP at baseline, nor between
patients with higher or lower frailty index at baseline. Other baseline characteristics

10

that were investigated included age, MMSE score, diabetes, use of antihypertensives

5

parallel to the intervention, use of antidepressants and use of cholinesterase inhibitors.

0

0
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13

26

39

52

65

78

Follow-up, weeks

Figure 3.3 Effect of treatment on proportion of patients with orthostatic hypotension Classic orthostatic
Figure 3.3

Table 3.2 Effect of treatment on reported clinical outcomes
Outcome

Placebo

Nilvadipine

Odds ratio (95% CI), P

Fracture, No. (%)

8 (3.4)

14 (5.8)

1.8 (0.7-4.3), .21

Fall, No. (%)

35 (14.8)

35 (14.6)

1.0 (0.6-1.6), .96

(OR [95% CI] =1.2 [0.9-1.5]). Symptomatic orthostatic hypotension (C): presence of symptoms upon

Syncope, No (%)

11 (4.6)

12 (5.0)

1.1 (0.5-2.5), .86

standing, irrespective of drop in BP (OR [95% CI] =0.8 [0.3-2.3]). Delayed orthostatic hypotension (D):

Dizziness, No. (%)

25 (10.5)

24 (10.0)

0.9 (0.5-1.7), .84

hypotension (A): drop of ≥20 mmHg in SBP or ≥10 mmHg in DBP after 1 minute (OR [95% CI] =1.1 [0.81.5]). Sit-to-stand orthostatic hypotension (B): of ≥15 mmHg in SBP or ≥7 mmHg in DBP after 1 minute

presence of classic orthostatic hypotension after 5 minutes of standing (OR [95% CI] =1.2 [0.9-1.6]).

60

Proportion of report of clinical outcomes related to orthostatic hypotension. Odds ratio results from logistic
regression. Abbreviations: OR, odds ratio; CI, confidence interval.
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DISCUSSION

effect other than beta-blockers and thus favouring the extrapolation of nilvadipine to
antihypertensive treatment in general.40,42

These secondary analyses of an RCT investigated the effect of the antihypertensive

3

agent nilvadipine on OH prevalence in patients with mild-to-moderate AD. In

The hypothesis for a link between antihypertensive treatment and OH in older people

477 patients, of whom 53% had grade I hypertension, a 78-week intervention

has mainly emanated from findings of observational studies.13 Evidence from RCTs is

with 8 mg of nilvadipine (± other antihypertensives) did not result in a significant

limited, especially in populations with cognitive impairment.2 The ACCORD (Type II

increase of OH prevalence, determined with intermittent BP measurements while

diabetes, age 62±7 years) and AASK (African-American patients with kidney disease and

sitting and after 1 minute of standing. Moreover, the number of reported events of

hypertension, aged 54±10 years) trials found no effect of antihypertensive treatment

fractures, falls, syncope and dizziness were similar between the groups. None of the

on OH.43, 44 Subgroup analyses from SPRINT in people aged ≥75 years showed no

predefined baseline characteristics moderated the relationship between nilvadipine

difference in prevalence of OH, falls or syncope between the intensive BP lowering

and OH, indicating that there were no relevant subgroups for which the results

group and the standard treatment group.17 Also HYVET (aged ≥80 years) did not

might be different. These characteristics included age, frailty, or the use of other

report a difference between the intervention (indapamide ± perindopril) and placebo

medications that could contribute to OH, such as antidepressants or cholinesterase-

group in sitting minus standing BP.18 However, it has previously been recognized that

inhibitors. Previous studies indicated an immediate effect of starting or intensifying

participants of both SPRINT and HYVET were relatively fit and healthy and had no

antihypertensive treatment on falls and fractures in older people.34, 35 We did not see

cognitive impairment or dementia,3, 45 hampering the extrapolation of their results to

any short-term effects of our intervention after 6 weeks of treatment (Figure 3.3).

a more frail population. This is an important limitation, because frailty can decrease

Although not statistically significant, the upper limits of the confidence intervals of our

the ability to adequately respond to challenges (i.e. antihypertensive treatment) and

findings do not completely rule out a small effect of nilvadipine. However, as can be

increase the risks of corresponding adverse outcomes (i.e. OH).28

seen in Figures 3.3 and Figure 3.4, the magnitude of such an effect would still not lie
within clinically relevant margins.

A slightly more vulnerable population was studied in the DANTE trial, that assessed
the effect of deprescribing antihypertensive treatment in people aged ≥75 years with

The antihypertensive properties of nilvadipine are comparable to other, more common

mild cognitive impairment.46 Subgroup analyses found no convincing evidence that

dihydropyridine calcium-channel blockers, such as nifedipine and amlopdipine.21,22

the prevalence of OH was reduced when antihypertensive medication was stopped

Apart from that, it is known that the main determinant in reducing cardiovascular risk

and SBP increased with 4.3 mmHg.47 Our study results are in line with SPRINT, HYVET

is the amount of BP reduction achieved and not the class of antihypertensive drug.4,36,37

and DANTE, but now in a population with mild-to-moderate AD, a group that has

The BP reduction achieved in our study was moderate, but still falls within the range

been excluded from previous trials. Although we recognize that cognitive impairment

of BP reductions observed with other antihypertensives that successfully reduced

is just one - albeit a very dominant one - dimension of frailty,28 this study contributes

cardiovascular events and mortality.38

to understanding the effect of antihypertensive treatment on OH in a vulnerable
population.

It can be questioned whether the absence of a drug class effect in reducing
cardiovascular risk, is also applicable to the risk of OH. For beta-blockers, treatment

It has been suggested that OH in AD may be related to autonomic dysfunction instead

has been associated with an increased risk of OH,

which might be explained by

of cardiovascular disease.48 However, evidence for this is limited, and may have been

their sympatholytic effects interfering with baroreflex-mediated BP recovery.14, 15, 40

biased by misclassification of Lewy Body dementia as AD.49 We recently demonstrated

However, the efficacy and safety profile of beta-blockers as first line treatment of

that baroreflex sensitivity was not impaired in mild-to-moderate AD, which would also

hypertension (in older patients) has already been questioned for other reasons.

argue against autonomic impairment in AD.50

39, 40

4, 41

For

the remaining drug classes, a cross-sectional analysis from the TILDA study found no
differences in OH risk between single therapy with calcium-channel blockers, renin-

STRENGTHS AND LIMITATIONS

angiotensin-aldosterone-system blockers and diuretics, arguing against a drug class

Strengths of this study are the thorough design, standardized procedures, 100%
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monitoring and low attrition rate, adding to a high internal validity. Although these

underestimated the prevalence of OH, due to reduced gravitational venous pooling.

secondary analyses were not pre-specified in the trial protocol, careful monitoring

However, using the proposed diagnostic cut-off for sit-to-stand OH measurements

of BP, OH and OH-related outcomes were a pre-planned part of the study for safety

resulted in similar findings.32 Finally, the reliability of reporting adverse event and

reasons. Like any clinical trial, we are limited by the in- and exclusion criteria. This, for

symptoms upon standing might be low in a population with cognitive impairment,

example, resulted in a relatively younger sample of AD patients compared to the general

possibly leading to underreporting. These concerns were in part mitigated, however,

AD population, where >80% is older than 75 years. However, certain generalisability of

because we conducted regular semi-structured interviews with the patient’s caregiver.

our findings is still supported by the heterogeneity of baseline cognitive scores, frailty
3

levels, age and the fact that recruitment took place at both academic and general

PERSPECTIVES

hospitals. Extrapolation to clinical AD populations is also aided by the fact that no

The implications of our findings are twofold. First, our study adds to the discussion on

biomarker evidence for AD (such as CSF or PET-amyloid imaging) was required, as

the benefit-to-risk ratio of the use of antihypertensive medication in AD,56 by providing

such a requirement may lead to considerable selection bias (towards younger, less

hitherto missing evidence that OH risk is not exacerbated by treatment. Although

frail AD patients, and patients seen at tertiary centers). According to the recent NIA-AA

more evidence is required, some patients with mild-to-moderate AD may still benefit

Research Framework for AD, our study population would be classified as ‘Alzheimer’s

from antihypertensive treatment. For instance, the average estimated survival after

clinical syndrome’.

AD diagnosis is 3-9 years,57 while positive effects of antihypertensive treatment

51

in elderly already become apparent after 1 year of treatment.17, 18 Furthermore, coPatients were allowed to use concomitant medication (provided that it did not

morbidities, including cardio- and cerebrovascular events, can have detrimental

interfere with nilvadipine), including cholinesterase inhibitors and/or memantine and

effects on progression of AD, and are one of the major causes of death in AD.58-60

antidepressants. This enhances generalisability, because concomitant use of these

Thus, withholding treatment in a patient with AD because of an overestimated fear

drugs, for example antidepressants, is not only common but also increases the risk of

of OH might negatively affect patient outcomes. Instead, we advocate that decisions

falls or OH.

regarding antihypertensive treatment should always be tailored to patient’s preferences

52,53

and physical and mental status.56
Baseline hypertension was not a requirement for inclusion, resulting in a study
population that does not consist merely of patients that would normally qualify for

Another implication of our findings is that they add to the complex debate on the use of

antihypertensive treatment. However, sensitivity analyses showed the same result

antihypertensive medication in vulnerable, older people,6 of which this AD population

in those with baseline hypertension. Moreover, the absence of adverse effects at

is an important example. It is a persistent belief among many physicians that treating

lower entry BP levels only strengthens our findings and attunes with the renewed

older people with anti-hypertensive medication would do more harm than good.7 The

hypertension guidelines.

current study has recruited, to date, the most vulnerable population and found that

4

treatment with a low dose calcium-channel blocker led to an effective, moderate BP
External validity is limited by the exclusion of patients with severe hypertension

reduction without causing harm in the sense of OH, or OH related adverse outcomes

(≥160/99 mmHg). Also, baseline prevalence of OH was lower (8%) than previously

such as falls or fractures.

reported in AD,9 which might be an illustration of inclusion bias towards healthier
patients. This is, however, not supported by the distribution of the cognitive scores

CONCLUSIONS

and frailty.

In patients with mild-to-moderate AD, with or without hypertension, 78-weeks
treatment with 8 mg of the calcium-channel blocker nilvadipine did not significantly

We measured BP using intermittent BP measurements while sitting and 1-minute after

increase the risk of OH, fractures, falls, syncope and dizziness. We provide evidence

standing. Although this deviates from the 3-minute guideline recommendation,

it

that starting or adding a low dose of antihypertensive treatment is safe with respect

was recently suggested that measuring after 1 minute correlates better with clinical

to OH and clinical outcomes. Trials that are primarily designed to investigate patient

outcomes.

relevant beneficial as well as adverse outcomes of antihypertensive treatment are

64
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Our choice to measure BP while sitting rather than supine may have
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required to elicit the full benefit-to-risk balance in this quickly growing patient group.
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DAY-TO-DAY HOME BLOOD
PRESSURE VARIABILITY IS
ASSOCIATED WITH CEREBRAL
SMALL VESSEL DISEASE BURDEN IN
A MEMORY CLINIC POPULATION

CHAPTER 4

BP VARIABILITY AND SMALL VESSEL DISEASE

ABSTRACT

INTRODUCTION

BACKGROUND

Cerebral small vessel disease (cSVD) is the umbrella term for a range of abnormalities

High visit-to-visit blood pressure variability (BPV) has been associated with cognitive

of the small vessels of the brain, including arterioles, capillaries and venules.1 Individual

decline and cerebral small vessel disease (cSVD), in particular cerebrovascular lesions.

neuroimaging markers of cSVD include lacunes, white matter hyperintensities

Whether day-to-day BPV also relates to cSVD has not been investigated.

(WMH), cerebral microbleeds (CMB) and enlarged perivascular spaces (ePVS) in the
basal ganglia. These markers likely share similar pathology and are common, often

OBJECTIVE

asymptomatic, findings on magnetic resonance imaging (MRI) in older people.2,3

To investigate the cross-sectional association between day-to-day BPV and total cSVD

Clinically, they are associated with an increased risk of stroke, gait disturbances and

MRI burden, in older memory clinic patients.

cognitive decline.4 It is postulated that cSVD pathology contributes to up to 45% of all
dementia cases.5,6

4

METHODS

4

We included outpatients referred to our memory clinic, who underwent cerebral

While the exact pathogenesis of cSVD is still unclear, it is evident that cardiovascular

MRI as part of their diagnostic assessment. We determined the validated total cSVD

health plays an important role. Hypertension is associated with each individual

score (ranging from 0-4) by combining four markers of cSVD that were visually rated.

marker of cSVD.7-10 High blood pressure (BP) is thought to affect brain health by

Home blood pressure (BP) measurements were performed for one week, twice

causing structural changes to the cerebral microvasculature that lead to endothelial

a day,according to international guidelines. BPV was defined as the within-subject

dysfunction, increased permeability of the blood-brain barrier and dysregulation of

coefficient of variation (CV; standard deviation/mean BP*100). We used multivariable

cerebral blood flow.11,12 Clinically, it is evident that hypertension during midlife is a risk

ordinal logistic regression analyses adjusted for age, sex, smoking, diabetes,

factor for developing dementia.13 However, several ambiguities remain. For example,

antihypertensive medication, history of cardiovascular disease and mean BP.

contradictions exist on the role of BP in older people who already present with some
degree of cognitive impairment,14 and on the effect of BP lowering in order to reduce

RESULTS
For 82 patients (aged 71.2±7.9 years), mean

dementia risk.15 The conflicting findings regarding mean BP level make a case for
home BP was 140/79±15/9 mmHg.

Dementia and mild cognitive impairment were diagnosed in 46% and 34%, respectively.

looking beyond the use of BP as a static measurement only and for taking into account
the dynamic aspects of BP.

78% had one or more markers of cSVD. Systolic CV was associated with cSVD burden
(adjusted odds ratio per point increase in CV=1.29, 95% confidence interval=1.04-1.60,

Within the cardiovascular field there is increasing attention to study the prognostic

p=0.022). There were no differences in diastolic CV and mean BP between the cSVD

significance of BP variability (BPV) in relation to adverse health outcomes and organ

groups. When we differentiated between morning and evening BP, only evening BPV

damage, including the brain.16 High BPV is associated with stroke and transient ischemic

remained significantly associated with total cSVD burden.

attack, mortality and cardiovascular outcomes.17-19 There is limited information on BPV
and cSVD markers, other than WMH,20-21 but it is hypothesized that high fluctuations in

CONCLUSION

BP put more stress on vessel walls than high BP only, accelerating the hypertension-

Day-to-day systolic BPV is associated with cSVD burden in memory clinic patients.

cSVD pathology cascade.

Future research should indicate whether lowering BPV should be included in BP
management in older people with memory complaints.

It is likely that the causes and consequences of high BPV depend on which timeframe
is investigated.22 Previous studies reporting an association between BPV and markers
of cSVD focused on either long-term BPV, based on consecutive BP measurements
performed over multiple office visits in a period of months or years, or on shortterm BPV, based on 24-hour ambulatory BP measurements (ABPM) with a 15-30 min
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interval. Home BP measurements (HBPM), taken in the morning and evening over a

METHODS

week, have the advantage of providing information on the consistency of BP control
on a day-to-day basis,23 but have not been widely studied in association with cSVD

STUDY DESIGN AND PARTICIPANTS

burden.

In this cross-sectional study, we included a convenience sample made up of people

24

aged >50 years who were referred to the memory clinic of the Radboud university
The majority of the previous studies on BPV and cSVD focused on only one marker

medical center (Nijmegen, The Netherlands). Inclusion lasted from January 2014 until

of cSVD Co-occurrence of different markers of cSVD is associated with decreased

December 2018. In order to be eligible, participants should have performed HBPM and

cognitive function, indicating that the markers have additive effects when present

had a cerebral MRI scan as part of their diagnostic assessment. At the end of their first

together.

The ‘total cSVD score’ combines the individual markers into one score

visit to the memory clinic, participants were asked to perform HBPM by their clinician

to reflect overall burden.28 This score has been associated with reduced cognitive

or nurse. Whether an MRI scan was deemed necessary for diagnosis was decided in a

function in a memory clinic population, a population in which substantial burden of

multidisciplinary meeting. For example, when the diagnosis was already clear from the

cSVD is expected.

clinical information available, an MRI was not performed. This was based on previous

27

29

4

research in our memory clinic on the added diagnostic value of MRI.30 Participants
Taken together, this study adds to previous work by assessing the association between

with a clinical history of stroke or who were diagnosed with a neurological condition

BPV determined on a day-to-day basis, using HBPM, and the total burden of cSVD.

other than a neurodegenerative disease were excluded from the current analyses. The

Specifically, the aim of this study was to investigate the cross-sectional association

study was approved by the Medical Ethics Committee (CMO Arnhem-Nijmegen). They

between day-to-day BPV and total cSVD score in older people attending a memory

exempted the study from the need to obtain written informed consent, because of the

clinic.

low additional burden of HBPM. Instead, oral informed consent was asked from each
participant and, if applicable, their caregiver.
DAY-TO-DAY BLOOD PRESSURE VARIABILITY
Participants performed HBPM using a validated, memory-equipped, automatic
oscillometric device (Microlife WatchBP Home, Microlife, Heerbrugg, Switzerland),31
following an international recommended protocol.32 They received oral and written
instructions and on how to perform HBPM and could be aided by their caregiver (if
available). The protocol comprised duplicate measurements in the morning (5.00-11.00
am) and evening (5.00-11.00 pm) for 7 consecutive days, resulting in a maximum of 28
measurements. Measurements of day 1 were discarded and duplicate measurements
were averaged, to reduce variation resulting from random or measurement error. A
minimum of 8 (out of 12) measurements was set as a requirement to be included in
the analysis. For separate analysis of morning and evening measurements, 4 (out of 6)
was the minimum required number of measurements. Day-to-day BPV was defined
as the within-subject coefficient of variation (CV) of both systolic (SBP) and diastolic
blood pressure (DBP), calculated by dividing the standard deviation (SD) with the mean
(CV=SD/mean*100%).
TOTAL CEREBRAL SMALL VESSEL DISEASE SCORE
Participants were scanned with either of 2 scanners, Magnetom Avanto, Siemens
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Healthcare (1.5T) or Magnetom Prisma, Siemens Healtcare (3.0T). The scan protocol

CLINICAL ASSESSMENT

included T1-weighted, T2-weighted, fluid-attenuated inversion recovery (FLAIR) and

Additional information on descriptives and covariates was extracted from the patient’s

susceptibility-weighted imaging (SWI) or T2*-weighted gradient-echo (GRE) sequences.

medical record and included age, gender, education, medical history, current medication

Details of the scan parameters are provided in Supplementary Table 1. The total cSVD

use, body mass index (BMI), smoking status, office BP and cognitive diagnosis. Office BP

score consisted of a previously described four-point scale,28 including presence of

was measured in supine position using a manual sphygmomanometer. Cardiovascular

WMH, CMB, lacunes and ePVS in the basal ganglia (Figure 4.1). Two trained clinicians

history was marked as present if one of the following conditions were identified in the

rated WHM severity and presence of CMBs (AH, MT). WMH severity was rated on FLAIR

medical history of the patients’ health record: chronic heart failure, coronary heart

images using the Fazekas scale. One point was added to the cSVD score in case of

disease, arrhythmia, or peripheral artery disease. The cognitive diagnosis was based

severe WMH, defined as periventricular WMH Fazekas grade 3 or deep WMH Fazekas

on all information from the geriatric assessment, including the cerebral MRI, and was

grade 2 or 3. CMBs were rated on the SWI or T2* GRE images using the Microbleed

established in a multidisciplinary meeting with geriatricians and neuropsychologists

Anatomical Rating Scale.

One point was added to the cSVD score if one or more

using international criteria.36,37 For descriptive purposes, we categorized participants

microbleeds were present. Interrater kappa was κ=0.90 for presence of severe WMH

into four groups: dementia (mild stage, any type), mild cognitive impairment, subjective

and κ=0.66 for presence of CMBs. Lacunes of presumed vascular origin were identified

cognitive impairment and other diagnoses (i.e. psychiatric disorder).

33

34

4

using FLAIR, T1-, and T2-weighted images by two raters (RH, SR). They were defined
according to STandards for ReportIng Vascular changes on nEuroimaging (STRIVE)

STATISTICAL ANALYSES

criteria, as subcortical, round or ovoid shaped, fluid-filled cavities, 3-15 mm in diameter.

1

Characteristics are presented as mean and standard deviation for continuous variables

The presence of one or more lacunes resulted in one extra point on the cSVD score.

and percentage and frequency for categorical variables. The total cSVD score was

ePVS in the basal ganglia were assessed using FLAIR and T2-weighted images using

used as an ordinal variable. Similar to previous work,38 cSVD scores of 3 and 4 were

the protocol of Doubal et al. (by RH, SR). One point was added to the cSVD score if

combined because each score had only few cases (n=16 and n=7, respectively),

>10 ePVS were visible in the basal ganglia on one side of the brain. Interrater kappa for

resulting in a maximum score of 3. Analysis of variance and chi-squared tests were

presence of lacunes and for >10 ePVS was κ=0.63 and κ=0.75, respectively. In case of

used to compare characteristics by cSVD score. Ordinal logistic regression was used

disagreement on any of the markers, a third rater (JC) assessed the images in order to

to investigate if indices of home BP were associated with cSVD score. The proportional

achieve consensus. All rating was performed blinded to clinical details.

odds assumption was checked through the test of parallel lines and no violations

35

were identified. BP indices that were assessed were CV and mean of SBP and DBP.
In the first model we adjusted for age and sex. In the second model, we additionally

Total cerebral small vessel disease score (0-4)

adjusted for current smoking, diabetes, use of antihypertensive medication and history
of cardiovascular diseases (CVD). Since we found no evidence for multicollinearity
between mean and CV of home BP (variance inflation factors all <1.05), we fitted a third
model in which CV and mean BP were simultaneously added as predictors. All models
were run separately for morning and evening BP indices. Additionally, we explored
associations of BP indices with a dichotomized cSVD score (0 versus 1-4) and with
individual markers of cSVD, using logistic regression analyses. Odds ratio’s (OR) with
White matter
hyperintensities

Cerebral
microbleed

Enlarged
perivascular spaces

Lacune

Figure 4.1 Construction of the total cerebral small vessel disease score. One point is added to the score

95% confidence intervals (CI) are reported. For CV, OR are reported per unit increase.
For mean BP, OR are reported per 10 (systolic) or 5 (diastolic) mmHg increase. All
analyses were performed using IBM SPSS Statistics 25.0 (SPSS, Inc., Chicago, IL, USA).

in case of presence of: severe WMH (periventricular Fazekas grade 3 or deep Fazekas grade ≥2); ≥1
cerebral microbleed; >10 perivascular spaces visible in the basal ganglia on at least one side of the brain;
≥1Figure
lacune.
WMH, white matter hyperintensities.
4.1
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RESULTS
CHARACTERISTICS
In total, 104 participants met the inclusion criteria. Fifteen participants were excluded
because of invalid HBPM data (too few measurements) and seven because of
insufficient MRI quality, leaving 82 participants enrolled in the analysis. Mean age of
the study population was 71.2 ±7.9 years and 34% (n=28) were female. Dementia (mild
stage) was diagnosed in 46% (n=38), mild cognitive impairment in 34% (n=28) and
17% (n=14) were classified as having subjective memory complaints. In addition, two
participants were diagnosed with a depression.
Twenty-two percent of the sample had no markers of cSVD, 24% had one marker,
26% had two markers and 28% had three or four markers. Supplementary Figure 4.1

Table 4.1 Characteristics of the total study sample and according to cSVD score
Variable

Total

cSVD 0

cSVD 1

cSVD 2

cSVD 3/4

n

82

18

20

21

23

Age (years)

71.2 ±7.9

64.7 ±7.8

68.9 ±5.5

73.6 ±5.6

76.2 ±7.6

<0.001

Sex (% female)

28 (34.1)

5 (27.8)

7 (35.0)

9 (42.9)

7 (30.4)

0.758

Living with spouse (%)

60 (73.2)

14 (77.8)

18 (90.0)

12 (57.1)

16 (69.6)

0.113

Education (years)

11.0 ±2.8

10.9 ±2.8

11.7 ±2.8

11.6 ±3.4

11.3 ±2.9

0.771

BMI (kg/m2)**

25.7 ±4.1

27.3 ±5.4

27.1 ±4.2

23.8 ±3.2

24.9 ±3.0

0.031

History of CVD (%)

24 (29.3)

8 (44.4)

7 (35.0)

5 (23.8)

4 (17.4)

0.242

Diabetes (%)

10 (12.2)

2 (11.1)

1 (5.0)

1 (4.8)

6 (26.1)

0.102

Current smoking (%)

12 (14.6)

4 (22.2)

0

5 (23.8)

3 (13.0)

0.126

Antihypertensives (%)

40 (48.8)

10 (55.6)

8 (40.0)

8 (38.1)

14 (60.9)

0.354

Dementia

38 (46.3)

5 (27.8)

6 (30.0)

10 (47.6)

17 (73.9)

MCI

28 (34.1)

7 (38.9)

7 (35.0)

10 (47.6)

4 (17.4)

SCI

14 (17.1)

5 (27.8)

6 (30.0)

1 (4.8)

2 (8.7)

Other

2 (2.4)

1 (5.6)

1 (5.0)

0

0

32 (39.0)

6 (33.3)

8 (40.0)

9 (42.9)

9 (39.1)

Lacune(s)

27 (32.9)

-

2 (10.0)

6 (28.6)

19 (82.6)

Diagnosis (%)

MR scanner (% 3T)***

differ between the different MR scanners (Table S2). Characteristics of the total sample

cSVD markers (%)

and according to cSVD score are presented in Table 4.1. Age increased with increasing

WMH

40 (48.8)

-

5 (25.0)

14 (66.7)

21 (91.3)

CMB

26 (31.7)

-

5 (25.0)

4 (19.0)

17 (73.9)

scores, with a prevalence of 28% in those with cSVD score of 0, compared to 74% in

ePVS

45 (54.9)

-

8 (40.0)

18 (85.7)

19 (82.6)

BLOOD PRESSURE (VARIABILITY) AND cSVD SCORE
Mean home BP was 140/79 ±15/9 mmHg, while office BP was 160/85 ±19/10 mmHg.

p-value

4
0.944
-

cSVD score (p<0.001). The prevalence of dementia increased with increasing cSVD
those with cSVD score of 3/4 (p=0.039).

*

0.039

shows the occurrence of combinations of cSVD markers. The cSVD score did not

Results are presented as mean ±standard deviation or number (frequency). cSVD = cerebral small vessel
disease; BMI = body mass index; CVD = cardiovascular disease; MCI = mild cognitive impairment; SCI =
subjective cognitive impairment; WMH = white matter hyperintensities; CMB = cerebral microbleeds; ePVS
= enlarged perivascular space. * Resulting from univariate analysis of variance (continuous variables) or chisquare test (categorical variables). **Available for n=69. ***Those not scanned on the 3T scanner were scanned
on the 1.5T scanner.

Univariate analyses, presented in Table 4.2, showed that SBP was lowest in the group
without cSVD burden and highest in the group with highest cSVD burden (p<0.001 for
home SBP, p=0.015 for office SBP). The same trend was observed for DBP, but this was
not statistically significant (p=0.294 for home DBP, p=0.074 for office DBP).
Figure 4.2 shows the individual data points for systolic and diastolic CV by cSVD
burden. Univariate analyses showed that there was a difference between the systolic
CV’s of the cSVD groups (p=0.017). The diastolic CV was marginally different between
groups (p=0.125). Table 4.3 present the results from the multivariable ordinal
regression models. Systolic CV was associated with cSVD burden (OR= 1.32, 95% CI=
1.07-1.63, p= 0.010), after adjustment for age, sex, current smoking, diabetes, use of

15

COV diastolic BP, %

15

COV systolic BP, %
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12
9
6
3

12
9
6
3

0

1

2

total cSVD score

3/4

0

1

2

3/4

total cSVD score

antihypertensive medication and history of CVD. This association remained significant
when we additionally adjusted for mean systolic BP (OR=1.29, 95% CI=1.04-1.60,

Figure 4.2 Individual data points for systolic and diastolic CV by total cSVD score. Error bars present

p=0.022). Diastolic CV and mean BP were not associated with cSVD burden (Table 3).

95% confidence interval. P-value from univariate analysis of variance is 0.017 for systolic CV and 0.125
for diastolic CV. BP= blood pressure; CV= coefficient of variation; cSVD= cerebral small vessel disease.
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CV were associated with presence of cSVD (systolic: OR= 2.51, 95% CI= 1.21-5.18, p=

Table 4.2 Blood pressure values of the total study sample and according to cSVD score
Variable

Total

cSVD 0

cSVD 1

cSVD 2

cSVD 3/4

*

p-value

SBP (mmHg)

159.6±19.2

148.9±19.0

155.6±22.8

164.4±11.9

166.9±17.5

0.015

DBP (mmHg)

84.6±10.1

80.8±9.7

82.1±10.4

85.8±9.3

88.4±9.8

0.074

Readings (nr)**

21.7±2.9

22.0±2.5

20.8±2.8

22.4±2.2

21.5±3.8

0.347

Hypertension (%)

49 (59.8)

6 (33.3)

17 (85.0)

9 (42.9)

17 (73.9)

0.002

SBP (mmHg)

139.7±14.6

131.3±14.3

145.1±12.0

134.6±11.0

146.4±15.2

0.001

DBP (mmHg)

79.1±8.8

76.9±8.0

81.5±7.4

77.4±8.1

80.3±10.8

0.294

CV SBP (%)

7.1±2.2

5.7±1.4

7.3±2.5

7.3±2.1

7.7±2.2

0.017

CV DBP (%)

7.3±2.7

6.1±1.6

8.0±3.2

7.3±2.6

7.8±2.9

0.125

SBP (mmHg)

139.7±15.2

131.0±14.5

146.9±13.5

133.8±10.6

145.6±15.8

0.001

diastolic CV (mean difference=1.2, 95% CI=0.2-2.2, p=0.025). Separate regression

DBP (mmHg)

80.0±9.3

77.8±8.0

83.2±8.4

78.3±8.3

80.4±11.2

0.249

CV SBP (%)

5.9±2.3

4.6±1.9

6.2±2.7

6.1±2.4

6.4±2.0

0.057

analyses for morning and evening BP are presented in Table 4.4. Evening systolic CV

CV DBP (%)

5.9±3.0

5.2±1.8

7.1±4.4

5.4±2.6

5.8±2.3

0.185

SBP (mmHg)

139.9±15.1

131.5±14.8

141.5±12.2

136.4±12.8

149.0±15.2

0.001

DBP (mmHg)

78.3±8.9

76.0±8.5

78.5±7.0

77.3±8.7

81.2±10.6

0.292

CV SBP (%)

7.2±2.9

6.0±2.0

6.5±2.7

7.2±3.0

8.6±3.3

0.033

CV DBP (%)

7.0±3.7

5.7±2.7

6.9±2.2

7.0±3.5

8.2±5.1

0.211

Office BP

Home BP

significant when we additionally adjusted for mean BP. See Table S4 for the results
from all logistic regression models. Table S5 presents the associations between BP
parameters and the individual cSVD markers. All markers were individually associated

Morning BP

4

0.013; diastolic: OR= 1.48, 95% CI= 1.03-2.13, p= 0.036). These associations remained

with higher BPV.
MORNING AND EVENING BLOOD PRESSURE (VARIABILITY)
Paired samples-t-test showed that BPV was higher in the evening compared to
morning, for both systolic CV (mean difference=1.3, 95% CI= 0.6-2.1, p<0.001) and

(OR= 1.31, 95% CI=1.09-1.58, p=0.004) was associated with total cSVD score. Morning
CV was not associated with total cSVD score. Mean evening SBP was associated with

Evening BP

Results are presented as mean ±standard deviation or number (frequency). cSVD= cerebral small vessel
disease; BP= blood pressure; CV= coefficient of variation. *Results from univariate analysis of variance. **After
removal of day 1. Maximum value 24.

cSVD burden (OR per 10 mmHg increase in SBP =1.42, 95% CI=1.03-1.95, p=0.034).

Table 4.4 Association of total small vessel disease score with mean and coefficient of variation of
morning and evening home blood pressure
Predictor

Model 1
OR (95% CI)

Model 2

OR (95% CI)

P

1.26 (0.95-1.65) 0.107

1.23 (0.92-1.67) 0.156

-

-

Table 4.3 Associations of total small vessel disease score with mean and coefficient of variation of home

CV SBP

1.14 (0.95-1.36) 0.171

1.18 (0.98-1.42) 0.081

1.16 (0.96-1.40)

0.126

blood pressure

Mean DBP

1.14 (0.90-1.44) 0.256

1.11 (0.87-1.43)

-

-

CV DBP

1.01 (0.88-1.16)

0.875

1.01 (0.88-1.16) 0.918

1.00 (0.87-1.15)

0.995

Mean SBP

1.49 (1.08-2.03) 0.013

1.42 (1.03-1.95) 0.034

-

-

1.23 (1.05-1.44)

0.011

1.31 (1.10-1.57)

1.31 (1.09-1.58)

0.004

Predictor
Mean SBP

Model 1

Model 2

Model 3

Evening*

OR (95% CI)

Model 3

Mean SBP

Morning

P

P

0.367

OR (95% CI)

P

OR (95% CI)

P

OR (95% CI)

P

1.32 (0.98-1.77)

0.066

1.28 (0.94-1.73)

0.114

-

-

CV SBP

1.32 (1.01-1.73)

0.048

1.25 (0.95-1.66) 0.113

-

-

1.16 (1.01-1.33)

0.033

1.15 (0.99-1.33) 0.051

1.15 (0.99-1.32)

0.062

CV SBP

1.24 (1.02-1.52)

0.034

1.32 (1.07-1.63)

0.010

1.29 (1.04-1.60)

0.022

Mean DBP

Mean DBP

1.19 (0.93-1.53)

0.169

1.16 (0.89-1.49)

0.273

-

-

CV DBP

CV DBP

1.11 (0.95-1.30)

0.176

1.10 (0.94-1.29)

0.234

1.09 (0.93-1.28)

0.286

Results from ordinal logistic regression. Model 1: adjusted for age and sex. Model 2: model 1 + current smoking,
diabetes, use of antihypertensive medication and cardiovascular history. Model 3: model 2 + mean BP (systolic
or diastolic). For mean BP, the OR is presented per 10 (systolic) or 5 (diastolic) mmHg increase. SBP= systolic
blood pressure; DBP = diastolic blood pressure; OR = odds ratio; CI = confidence interval, CV = coefficient of
variation.

As already suggested by Figure 4.2, pairwise comparisons in the univariate analyses
showed that those with no cSVD burden had a lower systolic CV compared to those

0.003

Results from ordinal logistic regression. Model 1: adjusted for age and sex. Model 2: model 1 + current smoking,
diabetes, use of antihypertensive medication and cardiovascular history. Model 3: model 2 + mean BP (systolic
or diastolic). For mean BP, the OR is presented per 10 (systolic) or 5 (diastolic) mmHg increase. OR = odds
ratio; CI = confidence interval, CV = coefficient of variation. * n=79, because of 3 participants with <4 duplo
measurement in the evening.

DISCUSSION

with a cSVD score of 1, 2 or 3, without differences between the latter three groups
(Table S3). Therefore, logistic regression analyses were performed comparing presence

In this cross-sectional study we investigated the association between day-to-day BPV

versus absence of cSVD burden. After adjustment for age, sex, current smoking,

and total cSVD burden on MRI, in older adults who attended our memory clinic for

diabetes, antihypertensive medication and history of CVD both systolic and diastolic

cognitive evaluation. We found that higher systolic BPV was a risk factor for cSVD
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burden, after controlling for several confounders and mean SBP. Diastolic BPV or mean

treatment and seasonal changes are involved as well. Despite these differences, all

BP were not associated with cSVD burden. There does not seem to be a dose-response

types of BPV have now been linked to cSVD. Given the challenges in determining visit-

relationship between BPV and cSVD burden in these cross-sectional analyses, as no

to-visit BPV, which requires multiple clinic visits, and the preference of older people

differences in BPV between scores of 1, 2 and 3/4 were observed. When we separately

with cognitive impairment for HBPM over 24-hour BP measurements,47 day-to-day

calculated BPV for morning and evening measurements, only BPV in the evening was

BPV may be a more feasible approach to assess BPV in relation to cognition and cSVD.

associated with the total cSVD score. This is, to the best of our knowledge, the first
study investigating the association between BPV within a 1-week timeframe and total

In our study, BPV was lower in the morning compared to the evening. This has been

burden of cSVD.

reported before.48 When we differentiated between morning and evening BP value’s,
only BP and BPV in the evening were associated with cSVD. Lower within-subject

4

Previous studies have mainly focused on the association between individual markers

variation in morning measurements can be expected, given that these are less affected

of cSVD and mainly measured BPV within other timeframes, i.e from visit-to-visit or

by physical activity, stress and other factors that are more likely to occur during the

within 24-hours. For example, several studies reported an association between WMH

course of the day. Also, circumstances of the measurement taken in the morning are

severity or progression and visit-to-visit BPV in healthy older adults.21,39 Only Yang

potentially more standardized (after waking up, but before medication intake and

et al. (2018) have reported the total cSVD score in relation to BPV.26 These authors

breakfast) than in the evening (before or at least 1 hour after dinner, after taking 5

found that higher 24-hour BPV was associated with cSVD burden in a healthy sample

minutes of rest).49 It might therefore be the case that the range of morning BPV was

with a mean age of 68 years. Regarding day-to-day BPV, this has previously been

too small to detect significant associations with cSVD.

linked to cognitive decline and progression of WMH in healthy people aged 80 years
or older, with a mean MMSE of 25 and a low level of morbidities.24 In two Japanese

This study has several strengths and limitations. Compared to previous studies on BPV

studies, the Hisayama study and Ohasama study, day-to-day BPV was associated with

and cSVD, we had a relatively small sample size. However, we were able to study a

risk of dementia and cognitive decline, respectively.

We recently showed both

combination of four markers of cSVD instead of focusing on one or two and we studied

visit-to-visit and day-to-day BPV were related to clinical progression of Alzheimer’s

BPV from day-to-day. Our study population was based on older people referred to

disease, although for visit-to-visit BPV this was not replicated in another dementia

a memory clinic. This comprises a group in which (subjective) cognitive impairment

cohort.43 In the Maastricht study, a composite score comprising 24-hour and day-to-

is present and who have different diagnoses and mixed pathologies. The use of

day BPV was associated with cognitive performance.

The current study adds to the

convenience sample might have introduced selection bias and limits generalisability.

previous work on day-to-day BPV, by providing evidence for the potential underlying

Moreover, only patients in whom an MRI was deemed informative for clinical decision

mechanism linking BPV and cognition. Although not completely understood, the

making were included and patients had to be willing and able to perform HBPM. We

pathophysiological mechanism between BPV and cSVD might involve a higher degree

used international criteria for the assessment of cSVD markers, with moderate to

of mechanical stress on vessel walls leading to endothelial injury, arterial stiffness and

excellent interrater agreement.1 Although the total cSVD score as proposed by Staals

ischemic hypoperfusion. A bidirectional association is also plausible, i.e. cSVD may be

and colleagues is a valid measure to estimate total brain damage on MRI, the content

associated with neurodegenerative changes to cortical structures that are involved in

validity of the scale might be improved by taking into account location and number of

central control of BP and heart rate, leading to high BPV.45

individual markers.28 A limitation of the current study is the use of two MR scanners.

40,41

42

44

Although this may have been a source of bias, the mean cSVD scores were similar
Determinants of BPV are still under investigation, but it is likely that these differ between

(Supplementary Table 2). In addition, this is more likely to represent clinical reality.

different measurement methods and timeframes of BPV.22 This idea is strengthened

In conclusion, we found that BPV from day-to-day was associated with cSVD burden,

by the observation that there is only a very weak correlation between visit-to-visit,

independent from mean BP, in older people attending a memory clinic. This study

24-hour and day-to-day BPV.

Short-term variability seems mainly determined by

provides the field with new information regarding BPV and cSVD. Future longitudinal

physiological mechanisms, including the baroreflex, humoral factors and the circadian

studies in a population-based sample are warranted to assess the effect of day-to-day

rhythm. For long-term variability, behavioral factors, compliance to antihypertensive

BPV on progression of cSVD and the potential of modifying day-to-day BPV in order
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to reduce cSVD progression.
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ABSTRACT

INTRODUCTION

BACKGROUND

Increasing evidence suggests that vascular dysregulation plays a major role in the

Blood pressure variability (BPV) has been shown to have predictive value over blood

multifactorial complexity of Alzheimer’s disease (AD) pathology.1-3 Nonetheless,

pressure (BP) levels alone in stroke patients. We assessed whether BPV predicts

the exact link between AD and the most important treatable vascular risk factor,

cognitive and functional decline in Alzheimer’s disease, using data from a randomized

hypertension, has yet to be elucidated.4 While hypertension during mid-life has been

trial (NILVAD).

established as a clear risk factor for late-life dementia, including AD,5-7 the role of
blood pressure (BP) once AD is diagnosed is unclear.8-12 This ambiguity complicates

METHODS

advice on BP management in this group, which is currently lacking in guidelines.13, 14

Patients with mild-to-moderate Alzheimer’s disease were included if they had ≥3

Furthermore, understanding factors that can predict the longitudinal course of AD is

office BP measurements available to determine visit-to-visit BPV. Day-to-day BPV was

of considerable importance for individual patients and for society.15

assessed using home BP measurements in a subsample. The variation independent
of mean was used to calculate BPV. Outcomes were change in Alzheimer’s Disease

A growing amount of data suggests that blood pressure variability (BPV) contains

Assessment Scale–cognitive subscale-12 and Disability Assessment for Dementia after

prognostic significance independent from mean BP level, for example in stroke.16-18

1 and 1.5 years.

While this BPV-field has only just started to develop, it has prompted the discussion that

5

future BP management should focus not only on lowering BP, but also on stabilizing
RESULTS

BP.19 High visit-to-visit BPV, comprising fluctuations in office BP measurements taken

A total of 460 patients aged 72.1 (SD=8.1) years, with mean BP of 134.0/75.1 (10.9/6.3)

over a period of months or years, has been associated with an increased risk of future

mm Hg were included. After 1 year, patients in the highest quartile of BPV had

dementia, including AD, and cognitive decline.20, 21 The same association has been

deteriorated more on Alzheimer’s Disease Assessment Scale–cognitive subscale

observed, albeit with less evidence, for high day-to-day BPV, determined using home

compared with patients in the lowest quartile (systolic: β, 2.24 [95% CI, 0.11–4.38],

BP measurements,22 and for a composite score of short-term BPV.23

P=0.040; diastolic: β, 2.54 [95% CI, 0.33–4.75] P=0.024). This association was still
present after 1.5 years (systolic: β, 2.86 [95% CI, 0.35–5.36], P=0.026; diastolic:

BPV could explain the conflicting results regarding the role of BP in the progression

β, 3.30 [95% CI, 0.67–5.93], P=0.014). There was no effect of visit-to-visit BPV on

of AD, because a person with normal BP might still have increased risk of progression

Disability Assessment for Dementia. Day-to-day BPV was available for 46 patients.

if BPV is high, and the risk of high BP might be mitigated by low BPV. Unfortunately,

Significant associations were observed between day-to-day BPV and deterioration

BPV in AD has only been investigated in a limited number of studies. Lattanzi et al.

on Alzheimer’s Disease Assessment Scale–cognitive subscale (systolic: P=0.036)

(2014) found that visit-to-visit BPV in AD was higher compared to controls,24 and that

and Disability Assessment for Dementia (systolic: P=0.020; diastolic: P=0.007) after 1

it was a strong predictor for cognitive decline after 1 year, using the Mini-Mental State

year, but not after 1.5 years. All associations were adjusted for potential confounders,

Examination (MMSE).25 However, recent work by O’Caoimh and colleagues did not

including intervention group.

support this finding, even though more sensitive outcomes for cognition and daily
functioning were used.26 These authors proposed that studies with longer follow-up

CONCLUSIONS

and populations from different countries were warranted. Finally, no studies to date

In conclusion, this post hoc analysis indicates that higher visit-to-visit and day-to-day

have examined the role of day-to-day BPV on cognitive and functional decline in AD.

BPV might be associated with progression of Alzheimer’s disease. Targeting BPV may

This might be important given that different timeframes, within which BPV is measured,

be a future target to slow decline in patients with Alzheimer’s disease.

might represent different pathophysiological mechanisms.18 Also, day-to-day BPV can
be assessed in a much shorter timeframe (e.g. in one week) than visit-to-visit BPV.
Establishing the association between these different types of BPV and the progression
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of AD would move the fields of BP and AD research forward and may serve as input
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METHODS

for future interventional studies.27, 28 Therefore, the aim of this study was to investigate
the association of visit-to-visit BPV with cognitive and functional decline in a large

STUDY DESIGN AND PARTICIPANTS

group of patients with mild-to-moderate AD from 9 different European countries. In

Data for this study were derived from a randomized controlled trial that investigated

addition, the role of day-to-day BPV was examined in a subgroup.

the efficacy of nilvadipine (8 mg daily), compared to placebo, as an anti-amyloid
treatment on the rate of cognitive and functional decline in 511 patients with mildto-moderate AD (Nilvad trial, NCT2017340).29 The trial was negative for primary and
secondary outcomes, meaning that nilvadipine had no effect on disease progression.30
A sub-study included 58 patients from 2 participating sites in the Netherlands
(Radboud university medical center, Nijmegen and Rijnstate, Arnhem), who performed
home BP measurements as part of the protocol.31 Ethical approval was provided by
the institutional review boards of each participating country and written informed
consent was obtained from all patients and their caregivers. The study was performed
in accordance with the principles of the Declaration of Helsinki. See Methods in the
Supplement for details on the participants.

5

5

VISIT-TO-VISIT BLOOD PRESSURE VARIABILITY
A total of 8 office BP measurements were performed throughout the study: at
baseline and 6, 13, 26, 39, 52, 65, and 78 weeks after baseline. Auscultatory BP was
measured by qualified study staff after 5 minutes of rest in sitting position, using a
sphygmomanometer. Since there is no consensus definition for BPV,32 we calculated
three commonly used BPV parameters: within-subject standard deviation (SD, mmHg),
coefficient of variation (COV; SD/mean*100, %) and variation independent of mean
(VIM, mmHg). The latter is a transformation of SD and is by definition uncorrelated
to mean BP.17 We used VIM as our primary BPV parameter and secondary analyses
were conducted with SD and COV. A minimum of 3 BP measurements was required
to calculate BPV. A detailed description is provided in the Methods in the Supplement.
DAY-TO-DAY BLOOD PRESSURE VARIABILITY
Patients in the sub-study conducted home BP measurements, using a validated,
memory-equipped, automatic oscillometric device (Microlife WatchBP Home, Microlife,
Heerbrugg, Switzerland),33 following an international recommended protocol.34 This
comprised duplicate measurements in the morning (6.00-9.00 am) and evening (6.00900 pm) for 7 consecutive days, resulting in a maximum of 28 measurements. All
patients were aided by a family member or their primary care nurse. After discarding
day 1 measurements and averaging the duplicate measurements, a minimum of 8 (out
of 12) measurements on 6 days was set as a requirement to calculate BPV. Day-to-day
SD, COV and VIM were calculated in the same way as for visit-to-visit BPV.
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COGNITIVE AND FUNCTIONAL OUTCOMES

RESULTS

The primary outcome of the Nilvad trial was the 12-item Alzheimer’s Disease
Assessment Scale - cognitive subscale (ADAS-cog).35 The Disability Assessment for

CHARACTERISTICS OF THE STUDY POPULATION

Dementia (DAD) was a secondary outcome. The ADAS-cog covers several cognitive

Of the 511 patients in the Nilvad trial, 460 (90%) had at least 3 office BP measurements

domains and ranges from 0-80 points, with a higher score indicating worse cognitive

available and completed at least 1 ADAS-cog or DAD assessment at follow-up and were

performance. The DAD measures basic, instrumental and leisure activities of daily

thus included in the visit-to-visit BPV analysis (Figure 5.1). This cohort consisted of 287

living and ranges from 0-40. Higher DAD scores represent fewer disabilities and better

(62.4%) females and the mean age was 72.1±8.2 years. Ninety percent of this group

functioning. Assessments collected at baseline and after 1 and 1.5 years were used in

(n=416) had all 8 office BP measurements available. Home BP measurements were

this analysis. A maximum of 20% of missing items was allowed and in case of missing

performed by 56 patients, of whom 46 (82%) performed ≥8 BP measurements and

items, the total score was rescaled. For both assessments, the change from baseline

were included in the analysis. Patient characteristics are presented in Table 5.1. There

as a continuous variable was used as the outcome.

were no relevant differences in characteristics between in- and excluded patients,

36

except that excluded patients were older (74.7±9.0 years, p=0.034). Compared to those

5

STATISTICAL ANALYSIS

without home BP measurements (n=414), the subgroup with home BP measurements

Descriptives are presented as mean ± standard deviation (SD), median (interquartile

had lower baseline ADAS-cog scores (p=0.030) and used less medication, including

range) or percentage (n), as appropriate. Differences between the intervention and

antihypertensives (p=0.024), memantine (p=0.016), cholinesterase inhibitors (p=0.022)

placebo group for BP(V) parameters were estimated using independent samples t-tests.

and antidepressants (p=0.002).

5

We used multilevel linear regression to assess the association between BPV and change
in ADAS-cog and DAD. Visit-to-visit BPV was examined as a continuous variable and, to

As expected, the intervention with nilvadipine lowered BP (Figure S1). Mean office

allow for a possible non-linear relationship, in quartiles. Both systolic and diastolic BPV

systolic BP of all measurements was 132.3±10.7 mmHg for nilvadipine and 135.5±10.9

were investigated. First, we assessed the unadjusted association with a fixed effect for

mmHg for placebo (p=0.002). Mean office diastolic BP was 74.0±6.3 mmHg

BPV parameter and a random effect for study center. The reported bèta is based on a

for nilvadipine and 76.2±6.1 for placebo (p<0.001). Exclusion of the first two BP

1 unit increase in VIM. In the second model we adjusted for age, sex and intervention

measurements had no effect on this difference (Table S1).

group (nilvadipine/placebo). In the third model we additionally adjusted for the
following potential confounders: mean blood pressure (systolic or diastolic), baseline
ADAS-cog or DAD score, antihypertensive use, memantine use, cholinesterase inhibitor

n=511 included in the Nilvad study

n=58 included in Nilvad sub-study

use, cholesterol lowering drug use, history of cardiovascular disease (presence/absence
• n=14 <3 office BP readings
• n=37 missing all outcomes

of chronic heart failure, coronary heart disease, cerebrovascular disease or peripheral

• n=2 no home BP performed
• n=10 <8 home BP readings

artery disease in the medical history) and presence of diabetes. The same models were
used with quartiles of BPV as independent variable, using the lowest quartile as reference

n=460 included in the visit-to-visit analysis

n=46 included in the day-to-day analysis

• n=439 for ADAS-cog at 1 year
• n=451 for DAD at 1 year

• n=42 for ADAS-cog at 1 year
• n=46 for DAD at 1 year

• n=411 for ADAS-cog at 1.5 years
• n=444 for DAD at 1.5 years

• n=39 for ADAS-cog at 1.5 years
• n=45 for DAD at 1.5 years

group. Results of the third model are presented, unless stated otherwise. The association
between cognitive and functional decline and day-to-day BPV was examined using an
unadjusted linear regression and adjusted for age, sex and intervention group. Given the
smaller sample size, more adjustment were not possible. All analyses were repeated with
mean systolic and diastolic BP as independent variables. A sensitivity analysis based on
multiple imputation was performed. Two-sided testing and an alpha level of 0.05 were

Figure 5.1 Flow diagram of the number of patients in- and excluded from the visit-to-visit and day-

used. Given the post-hoc nature of the current analyses, 95% confidence intervals are

to-day blood pressure variability analysis. Two patients in the sub-study did not receive a home BP

reported where appropriate and P-values should be interpreted with caution. Analyses

device due to logistic reasons. BP= blood pressure; ADAS-cog= Alzheimer’s Disease Assessment Scale-

were performed with IBM SPSS Statistics 25.0 (SPSS, Inc, Chicago, IL).

Cognitive Subscale; DAD= Disability Assessment for Dementia.
Figure 5.1
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decline on the DAD was -8.5±8.5 points. After 1 year, these changes were 6.0±7.9 and

Table 5.1 Characteristics of patients

5

Characteristic

Included
patients

Excluded
patients

*p-value

Subgroup with
home BP

p-value

n

460

51

Age (years)

72.1 (8.1)

74.7 (9.0)

0.034

73.0 (6.2)

0.432

Sex (female)

287 (62.4 %)

30 (58.8 %)

0.618

27 (58.7 %)

0.585

MMSE score

21 [18-24]

20 [18-23]

0.177

21 [19-23]

0.592

ADAS-cog 12 score

34.2 (10.5)

37.0 (10.8)

0.072

31.0 (9.9)

0.030

(adjusted β [95% CI]=0.38 [0.03−0.73], p=0.033), in such way that higher variability

DAD score

32.0 [25.3-36.9]

28.4 [20.5-37.0]

0.070

33.5 [28.6-38.8]

0.138

was associated with more cognitive decline. Similarly, both systolic and diastolic VIM

History of CVD

36 (7.8 %)

4 (7.8 %)

0.997

7 (15.2 %)

0.049

Diabetes mellitus

30 (6.5 %)

8 (15.7 %)

0.018

3 (6.0 %)

0.999

were associated with change in ADAS-cog after 1 year (systolic: β=0.19 [0.02−0.35],

BMI (kg/m2)

25.6 (4.2)

24.7 (3.7)

0.164

24.6 (3.6)

0.085

p=0.027; diastolic: β=0.33 [0.06−0.59], p=0.016). There were no significant linear

Intervention group

227 (49.3 %)

26 (51.0 %)

0.825

22 (47.8 %)

0.686

associations between VIM and change in DAD score (Table 5.2). Also, mean systolic

Antihypertensive drug use

159 (34.6 %)

21 (41.2 %)

0.348

9 (19.6 %)

0.024

Statin use

151 (32.8 %)

20 (39.2 %)

0.359

8 (17.4 %)

0.019

and diastolic BP were not related to change in ADAS-cog and DAD score. Results were

Memantine use

118 (25.7 %)

12 (23.5 %)

0.741

5 (10.9 %)

0.016

similar when the first two measurements were removed and when SD and COV were

Cholinesterase inhibitor use

407 (88.5 %)

43 (84.3 %)

0.384

36 (78.3 %)

0.022

used instead of VIM (Table S2 and S3).

Antidepressants use

168 (36.5 %)

17 (33.3 %)

0.653

7 (15.2 %)

0.002

Mean systolic BP (mmHg)

134.0 (10.9)

134.6 (12.8)

0.729

132.1 (11.1)

0.210

Mean diastolic BP (mmHg)

75.1 (6.3)

75.6 (8.4)

0.703

75.5 (5.7)

0.670

SD of systolic BP (mmHg)

11.0 (4.2)

-

na

9.8 (3.1)

0.040

diastolic VIM were examined. For systolic VIM, patients in the highest quartile were

SD of diastolic BP (mmHg)

6.5 (2.8)

-

na

5.9 (2.3)

0.104

COV of systolic BP (%)

8.3 (3.2)

-

na

7.5 (2.4)

0.068

older (p=0.047), whereas patients in the lowest quartile had higher mean BP (systolic:

COV of diastolic BP (%)

8.7 (3.7)

-

na

7.8 (2.9)

0.088

VIM of systolic BP (mmHg)

11.0 (4.2)

-

na

9.8 (3.1)

0.051

function, were similar among the quartiles (Table S4). There were no differences in

VIM of diastolic BP (mmHg)

6.5 (2.8)

-

na

5.9 (2.3)

0.096

characteristics between quartiles of diastolic VIM. Results are presented in Figure 5.2.

†

-5.6±7.1, respectively. The Pearson correlation coefficient of ADAS-cog change and
DAD change was r=-0.44 after 1 year and r=-0.47 after 1.5 years (both p<0.001).

46

Values are number of patients (%), mean (SD) or median [interquartile range]. P-values are calculated with
a chi-squared test, an independent samples t-test or a Mann-Whitney U test. BP= blood pressure; MMSE=
Mini-Mental State Examination; ADAS-cog= Alzheimer’s Disease Assessment Scale-cognitive Subscale; DAD=
Disability Assessment for Dementia; CVD= cardiovascular disease; BMI=body mass index; SD= standard
deviation; COV= coefficient of variation; VIM= variation independent of mean; na= not applicable. *Comparison
of patients included (n=460) and excluded (n=51) from these analyses. †Comparison of included patients with
home BP (n=46) and included patients without home BP (n=414).

Diastolic VIM was a significant predictor for change in ADAS-cog after 1.5 years

Subsequently, cognitive and functional changes among quartiles of systolic and

p=0.034, diastolic: p=0.010). All other characteristics, including baseline cognitive

Using the lowest quartile as the reference, patients in the highest quartile of diastolic
VIM showed more progression on ADAS-cog after 1 year (β=2.54 [0.33−4.75], p=0.024)
and 1.5 years (β=3.30 [0.67−5.93], p=0.014). Likewise, patients in the highest quartile
of systolic VIM had worse scores after 1 year (β=2.24 [0.11−4.38], p=0.04) and after 1.5
years (β=2.86 [0.37−5.36], p=0.026). There were no associations between quartile of
BPV and change in DAD scores.

VISIT-TO-VISIT BLOOD PRESSURE VARIABILITY

DAY-TO-DAY BLOOD PRESSURE VARIABILITY

Mean systolic and diastolic VIM were 10.9±4.3 mmHg and 6.4±2.8 mmHg, respectively.

Mean home BP at baseline was 135.9±17.6 mmHg for systolic and 77.1±9.2 mmHg

As an illustration of the concept of BPV, Figure S2 shows the BP trajectories over

for diastolic BP. Home BP was correlated with mean office BP (r=0.64 for systolic and

time for all patients in the lowest and highest quartiles of VIM. Visit-to-visit VIM was

r=0.70 diastolic, both p<0.001). Mean day-to-day VIM was 9.3±4.1 mmHg for systolic

marginally, but not significantly, higher for nilvadipine compared to placebo, for

and 5.3±2.4 mmHg for diastolic BP.

systolic (11.2±4.2 mmHg versus 10.8±4.2 mmHg, p=0.332) and diastolic (6.7±2.8
versus 6.3±2.7, p=0.066). Exclusion of the first two BP measurements did not change

DAY-TO-DAY BPV AND STUDY OUTCOMES

this (Table S1).

Day-to-day systolic or diastolic VIM were not significantly associated with change in
ADAS-cog or DAD after 1.5 years (see Table 5.3). However, after 1 year, both systolic

VISIT-TO-VISIT BPV AND STUDY OUTCOMES

and diastolic VIM were associated with change in DAD (systolic: β=-0.48 [-0.87−-0.08,

After 1.5 years, the mean increase on the ADAS-cog was 9.0±9.2 points and the mean

p=0.020; diastolic: β=-0.92 [-1.59−-0.26, p=0.007).
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Diastolic BP

Systolic BP

Diastolic VIM

Systolic VIM

Diastolic BP

Systolic BP

Diastolic VIM

Systolic VIM

Diastolic BP

Systolic BP

Diastolic VIM

Systolic VIM

Diastolic BP

Systolic BP

Diastolic VIM

Systolic VIM

0.10 (-0.03 – 0.23)

0.06 (-0.02 – 0.13)

-0.29 (-0.61 – 0.03

-0.07 (-0.27 – 0.14)

0.02 (-0.13 – 0.17)

-0.02 (-0.11 – 0.06)

0.40 (0.05 – 0.76)

0.12 (-0.10 – 0.35)

0.08 (-0.02 – 0.18)

0.04 (-0.02 – 0.10)

-0.17 (-0.40 – 0.05)

-0.08 (-0.23 – 0.06)

-0.02 (-0.14 – 0.10)

-0.05 (-0.12 – 0.02)

0.31 (0.04 – 0.58)

0.16 (-0.01 – 0.33)

bèta (95% CI)

Unadjusted model

0.131

0.131

0.072

0.523

0.784

0.620

0.027

0.280

0.130

0.163

0.128

0.249

0.773

0.158

0.024

0.066

p-value

0.12 (-0.01 – 0.26)

0.04 (-0.04 – 0.11)

-0.28 (-0.60 – 0.04)

-0.09 (-0.29 – 0.11)

-0.03 (-0.18 – 0.12)

-0.01 (-0.09 – 0.08)

0.38 (0.04 – 0.73)

0.17 (-0.05 – 0.40)

0.10 (-0.01 – 0.20)

-0.07 (-0.02 – 0.10)

-0.17 (-0.40 – 0.05)

-0.11 (-0.25 – 0.04)

-0.07 (-0.19 – 0.06)

-0.04 (-0.11 – 0.03)

0.31 (0.04 – 0.57)

0.20 (0.04 – 0.37)

bèta (95% CI)

Adjusted model 1

0.073

0.307

0.081

0.392

0.695

0.851

0.031

0.126

0.065

0.247

0.131

0.148

0.285

0.230

0.024

0.017

p-value

0.13 (-0.01 – 0.27)

0.05 (-0.02 – 0.13)

-0.26 (-0.57 – 0.06)

-0.04 (-0.24 – 0.16)

-0.01 (-0.15 – 0.15)

-0.01 (-0.09 – 0.08)

0.38 (0.03 – 0.73)

0.19 (-0.04 – 0.41)

0.11 (0.01 – 0.22)

0.05 (-0.01 – 0.11)

-0.18 (-0.40 – 0.04)

-0.10 (-0.24 – 0.05)

-0.07 (-0.20 – 0.05)

-0.05 (-0.12 – 0.02)

0.33 (0.06 – 0.59)

0.19 (0.02 – 0.35)

bèta (95% CI)

Adjusted model 2

0.062

0.167

0.113

0.710

0.991

0.845

0.033

0.100

0.037

0.108

0.102

0.204

0.231

0.140

0.016

0.027

p-value

Change after 1 year

Figure 5.2
10

4

-10

Systolic

Diastolic

Q1

Q1

*

Q2

Q2

Q3

-4

Q3

VIM quartiles

8

6

Systolic

Diastolic

-6

-8

Q4

Change after 1.5 years

*

Change after 1.5 years

Change after 1 year

Unadjusted model: random intercept for study centre. Adjusted model 1: corrected for age, sex and intervention group. Adjusted model 2: additionally corrected for
mean blood pressure, baseline score of ADAS-cog or DAD, antihypertensive use, memantine use, cholinesterase inhibitor use, cholesterol lowering drug use, history of
cardiovascular disease and presence of diabetes. For ADAS-cog: higher scores indicate more progression of cognition decline, so a positive bèta indicates more cognitive
decline with increasing BPV. For DAD: lower scores indicate more progression of functional decline, so a negative bèta indicates more functional decline with increasing BPV.
BPV= blood pressure variability; VIM= variation independent of mean; BP= blood pressure; ADAS-cog= Alzheimer’s disease assessment scale - cognitive subscale; DAD=
disabilities assessment in dementia; CI= confidence interval.

DAD
after 1.5 years

ADAS-cog
after 1.5 years

DAD
after 1 year

ADAS-cog
after 1 year

Outcome

Table 5.2 Linear regression models for study outcomes in relation to visit-to-visit BPV and mean office BP
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In addition, systolic VIM was associated with increase in ADAS-cog after 1 year in the

adjusted model (β=0.64 [0.04−1.23, p=0.036). Figure 5.3 shows the individual data

points for day-to-day VIM and changes in DAD and ADAS-cog after 1 year. Similar

graphs for change after 1.5 years are presented in Figure S3.

The sensitivity analyses of visit-to-visit and day-to-day BPV based on multiple

imputation gave comparable results (data not shown).

A. ADAS-cog 1-year change
B. ADAS-cog 1.5-year change

Q4

C. DAD 1-year change

14

6

-14

Systolic

Diastolic

Q1

VIM quartiles

Q1

**

12

10
8

5

Q2

Q2

Q3

-8

Q3

Q4

VIM quartiles

D. DAD 1.5-year change
Systolic

Diastolic

-10

-12

VIM quartiles

Q4

Figure 5.2 Estimated mean change in ADAS-cog (A, B) and DAD (C, D) scores after 1 year (A, C) and

1.5 years (B, D) according to quartiles of systolic and diastolic visit-to-visit BPV. Values results from

linear regression models with adjustments for mean blood pressure, age, sex, intervention group,

baseline ADAS-cog or DAD score, antihypertensive use, memantine use, cholinesterase inhibitor use,

cholesterol lowering drug use, history of cardiovascular disease and presence of diabetes.. Errors bars

indicate standard error of mean. VIM= variation independent of mean; ADAS-cog= Alzheimer’s disease

assessment scale - cognitive subscale; DAD= disabilities assessment in dementia. * indicates p-value

<0.05 using Q1 as reference.
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Table 5.3 Linear regression models for study outcomes in relation to day-to-day BPV and mean BP

ADAS-cog after 1.5
years

DAD
after 1.5 years

5

bèta (95% CI)

p-value

Systolic VIM

0.55 (-0.05 − 1.15)

0.070

0.64 (0.04 − 1.23)

0.036

Diastolic VIM

0.78 (-0.34 − 1.90)

0.169

0.89 (-0.23 − 2.00)

0.115

Systolic BP

-0.04 (-.18 − 0.11)

0.603

-0.03 (-0.18 − 0.12)

0.231

Diastolic BP

-0.10 (-0.39 − 0.20)

0.524

-0.14 (-0.43 − 0.16)

0.363

Systolic VIM

-0.46 (-0.85 − -0.07)

0.023

-0.48 (-0.87 − -0.08)

0.020

Diastolic VIM

-0.97 (-1.61 − -0.34)

0.003

-0.92 (-1.59 − -0.26)

0.007

Systolic BP

-0.06 (-0.16 − 0.03)

0.187

-0.08 (-0.18 − 0.01)

0.089

Diastolic BP

-0.09 (-0.27 − 0.09)

0.336

-0.08 (-0.26 − 0.11)

0.410

Systolic VIM

0.34 (-0.40 − 1.08)

0.355

0.40 (-0.39 − 1.18)

0.310

Diastolic VIM

0.57 (-0.84 − 1.97)

0.421

0.64 (-0.83 − 2.11)

0.382

Systolic BP

-0.06 (-0.23 − 0.11)

0.489

-0.05 (-0.24 − 0.13)

0.563

Diastolic BP

-0.05 (-0.42 − 0.31)

0.770

-0.09 (-0.48 − 0.30)

0.636

Systolic VIM

-0.45 (-1.04 − 0.14)

0.133

-0.48 (-1.09 − 0.14)

0.124

Diastolic VIM

-0.66 (-1.65 − 0.34)

0.188

-0.68 (-1.73 − 0.38)

0.203

Systolic BP

-0.02 (-0.17 − 0.13)

0.784

-0.02 (-0.18 − 0.13)

0.763

Diastolic BP

0.091 (-0.19 − 0.37)

0.511

0.11 (-0.18 − 0.41)

0.435

B. ADAS-cog 1-year change

A. ADAS-cog 1-year change
40

β=0.64
p=0.036

30

Change after 1 year

p-value

20
10
0

40

β=0.89
p=0.115

30
20
10
0
-10

-10
0

5

10

15

20

0

25

5

C. DAD 1-year change

Adjusted model: with corrections for age, sex and intervention group. For ADAS-cog: higher scores indicate
more progression of cognition decline, so a positive bèta indicates more cognitive decline with increasing
BPV. For DAD: lower scores indicate more progression of functional decline, so a negative bèta indicates more
functional decline with increasing BPV. VIM= variation independent of mean; BP= blood pressure; ADAS-cog=
Alzheimer’s disease assessment scale - cognitive subscale; DAD= disabilities assessment in dementia; CI=
confidence interval.
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Figure 5.3 Scatter plots showing the association between and day-to-day BPV and change in ADAS-cog
(A, B) and DAD (C, D) scores after 1 year for systolic (A, C) and diastolic (B, D) BPV. Bèta and p-value

Figure 5.3

are derived from the linear regression models and adjusted for age, sex and intervention group. VIM=
variation independent of mean; ADAS-cog= Alzheimer’s disease assessment scale - cognitive subscale;
DAD= disabilities assessment in dementia.
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DISCUSSION

were comparable for baseline characteristics and mean BP, COV of BP and rate of
cognitive decline after 1 year. A methodological difference is that we opted for the

In this longitudinal study, which was a post hoc analysis of a randomized controlled

VIM to ensure independence from mean BP. However, similar results were obtained

trial in 460 patients with mild-to-moderate clinical AD, we investigated the association

when we analyzed COV. Considering that the field lacks a gold standard for BPV, these

of BPV with cognitive and functional decline after 1 and 1.5 years. The main finding

different observations may also simply reflect the importance of replicating research

is that higher visit-to-visit BPV was associated with increased cognitive, but not

findings and suggest the need for a pooled individual participant’s data analysis using

functional decline. In particular, patients in the highest quartile of BPV had on average

harmonized methods.

a 2.2 (systolic) or 2.4 (diastolic) points higher increase on the ADAS-cog after 1 year
compared to patients in the lowest quartile. After 1.5 years, this excess increase was

A multitude of studies on visit-to-visit BPV as a potential risk factor for dementia in

on average 2.9 (systolic) or 3.3 (diastolic) points. In contrast with BPV, mean BP was

cognitively normal people is available.20, 21, 28, 40-44 While the methods used are very

neither associated with cognitive nor functional decline.

heterogeneous with respect to number and interval of BP measurements, length of
the follow-up, characteristics of the subjects and outcomes measures, nearly all share

5

In a subgroup comprising 10% of the study population, day-to-day BPV was

the common finding that higher visit-to-visit BPV (mostly systolic) is associated with

exploratively investigated. Despite the relatively small sample size, we observed

cognitive decline or increased dementia risk. For functional decline, one study found

significant associations for systolic and diastolic BPV and functional decline after 1

that higher systolic visit-to-visit BPV was associated with steeper decline, for both

year. For cognitive decline after 1 year, a trend was observed which was significant for

basic and instrumental activities of daily living.45

5

systolic BPV in the adjusted model. No associations were observed after 1.5 years. The
latter might be due to chance or attrition bias, although the number of patients that

Regarding day-to-day BPV, our study was the first to examine this in patients diagnosed

dropped-out between 1 and 1.5 years of follow-up was low (Figure 5.1). Alternatively,

with AD. Previous studies showed that higher day-to-day BPV variability is a risk factor

as progression of dementia is known to be very heterogeneous, it may become more

for dementia or cognitive decline.22, 46, 47 In addition, a composite score including three

difficult to identify predictive factors when follow-up becomes longer.

measures of short-term BPV was cross-sectionally correlated to cognitive function.23

We observed different results for cognitive decline and functional decline. It is known

MECHANISMS LINKING BPV AND AD

that functional decline temporally follows cognitive decline in AD,

indicating that

The mechanisms linking BPV to AD are still unclear and warrant more research, for

we might have expected effects on functional decline after 1.5 years. The correlation

example on the differential roles of systolic and diastolic BPV, on the different BPV

we observed between cognitive and functional decline was moderate, with an

metrics and the timeframes within which BP is measured. However, several possible

explained variance well below 20%, suggesting that functional decline was affected by

mechanisms have been described previously.27, 48, 49 In summary, a higher BPV places

other factors than cognitive decline alone. This could explain the different results we

more mechanical stress on arterial walls resulting in stiffening and remodeling of large

observed for visit-to-visit and day-to-day BPV and can be addressed future studies.

arteries such as the aorta and common carotid artery.50, 51 This may cause excessive flow

37

38, 39

pulsatility, especially in high flow organs such as the brain.52 High flow pulsatility may
Two other studies have specifically investigated associations between visit-to-visit

damage the cerebral microcirculation, causing ischemia, loss of neuronal function and

BPV and decline in AD. While Lattanzi et al. (2014) found a very strong association

impaired clearance of amyloid bèta.53 This cascade is thought to have a larger effect

between systolic BPV and change in MMSE score in 240 AD patients,25 O’Caoimh and

in regions supplied by directly perforating branches of the deep cerebral circulation,

colleagues found contrasting results with ADAS-cog and MMSE in 406 AD patients.26

where pulsatility is not dampened by the extensive network of pial vessels as is the

Both studies used a similar follow-up and interval for BP measurement. For functional

case for the cerebral cortex.54 The finding that BPV is associated with cognitive decline

decline, the latter study found a small association between systolic BPV and change

in AD but not in frontotemporal dementia might support this purported mechanism.55

in activities of daily living after 1 year. Compared to these studies, the mean age in

It has recently been speculated that this cascade has a more pronounced effect for

our study population was 4-5 years higher, but otherwise the study populations

diastolic compared to systolic BPV.23 Systolic BPV has been linked to arterial stiffness,
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whereas diastolic BPV might reflect increased sympathetic drive or endothelial

However, it was to be expected that in our study visit-to-visit BPV was higher in

dysfunction, but this warrants more research.56, 57 Additionally, swings in perfusion

the intervention group, because of the lack of BP lowering treatment in the control

pressure may cause episodes of cerebral hypoperfusion leading to cerebrovascular

group. Nonetheless, exposure to this low dose of nilvadipine had no effect on the

damage and promoting amyloid production.

cognitive and functional outcomes.30 Furthermore, we repeated our analyses with the

58

However, we previously showed that

cerebral autoregulation was not impaired in patient with established AD.

exclusion of the BP measurements that were most subjected to the effects of starting

59

an antihypertensive agent, and this did not change our results. It remains possible that
A reverse causal link cannot be excluded. While causes of high BPV are still under

a higher dose of a dihydropyridine calcium-channel blocker would beneficially reduce

debate and are thought to differ between visit-to-visit and day-to-day BPV, arterial

BPV and cognitive decline in AD, as for example illustrated by the observed reduction

compliance, sympathetic drive and behavioral factors are likely to be involved. The

in incident dementia risk with nitrendipine in the Syst-Eur trial.67

18

cardiovascular system is regulated by a network of cortical brain structures, including
the insular cortex.60 This region is known to be affected by AD pathology already in the

The patients in our subgroup with day-to-day BPV were derived from a sub-study

preclinical stage, which may lead to autonomic dyscontrol. Also, impairments in the

including patients from 2 study sites in The Netherlands. Since only a small group was

baroreflex have been suggested in AD, but this was not confirmed in our earlier work.59

included in this analysis, no corrections could be made for all relevant vascular risk

From a behavioral perspective, progression of cognitive and functional impairment

factors. Also, no firm conclusions can be drawn from these explorative analyses.

61

in AD may result in more BPV due to disturbed sleep,62 increased stress or reduced
5

medication compliance.63 These factors could affect both day-to-day and visit-to-visit

Lastly, the current study is limited by its post hoc design, causing an increased risked

BPV.18 Finally, it is possible that BPV and progression of AD are not causally linked, but

of multiplicity and leading to the absence of information on some vascular risk factors

stem from a common cause, such as cardiovascular dysfunction.

like smoking and alcohol use, although their prognostic value in AD progression in still
under debate.68

STRENGTHS AND LIMITATIONS
Strengths of this study include the large sample size and the extensive standardized

PERSPECTIVES

assessments of cognition and function. In addition, measurement of office BP was part

This study contributes to elucidating the role of BP in the progression of AD. Currently,

of the trial for safety reasons and as such, was performed carefully in a standardized

this role is unclear as both high and low BP have been associated with acceleration

manner. This study is further strengthened by the addition of home BP measurements,

of cognitive decline in patients with AD or mild cognitive impairment.8-12 This study

thereby extending previous work by investigating BPV on a different timescale. Home

indicates that fluctuations in BP, and not BP levels per se, may be a risk factor for

BP measurements were performed with a validated and memory equipped device with

the progression of AD. Future research should confirm this and determine whether

support from the patient’s caregiver.

stabilizing BP might be a target to slow decline in this group. Given the worldwide
burden of AD, even minor modifiable risk factors will have a large impact on a societal

No biomarker evidence for AD was required for inclusion in the Nilvad trial. On the one

level. Also on an individual level, reducing BPV might have a substantial impact, as

hand, this indicates that our study population may not comprise pure AD as recently

shown by the difference we observed between the highest and lowest quartile of BPV.

defined in the NIA-AA Research Framework for AD.64 On the other hand, this increases
the generalizability of our study population, as in clinical practice AD pathology is

CONCLUSION

often mixed with cerebrovascular pathology.

In conclusion, this post hoc analysis of a large randomized controlled trial suggests

65

that high visit-to-visit BPV is associated with accelerated cognitive decline in patients
A limitation of using patients from this trial is the fact that the intervention with

with AD. In addition, high day-to-day BPV might be associated with functional decline.

nilvadipine has an effect on BP and might therefore be a confounder in the visit-to-

Future studies should investigate both types of BPV and the potential to modify BPV in

visit BPV analyses. Nilvadipine is a dihydropyridine calcium-channel blocker, a class of

a large and longitudinal setting.

antihypertensives that seems promising for lowering BPV compared to other classes.
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ORTHOSTATIC BLOOD
PRESSURE RECOVERY IS
ASSOCIATED WITH THE RATE OF
COGNITIVE DECLINE AND MORTALITY
IN CLINICAL ALZHEIMER’S DISEASE

CHAPTER 6

ORTHOSTATIC BP RECOVERY AND ALZHEIMER’S DISEASE

ABSTRACT

INTRODUCTION

BACKGROUND

With increasing numbers of people to be affected by Alzheimer’s disease (AD) and in

Impaired recovery of blood pressure (BP) after standing has been shown to be related

the absence of drugs that have a disease-modifying effect, there also is an increasing

to cognitive function and mortality in people without dementia, but its role in people

need to identify potentially modifiable factors that predict the longitudinal course of

with Alzheimer’s disease (AD) is unknown. The aim of this study was to investigate the

the disease.1 The progression of AD is very heterogenous and understanding which

association of the orthostatic BP response with cognitive decline and mortality in AD.

factors contribute to this can identify targets for disease modification, help clinical
decision making and inform patients and their families.2 For example, being able to

METHODS

estimate if someone with dementia will progress quickly or slowly can guide advance

In this post-hoc analysis of a randomized controlled trial (Nilvad), we measured the

care decisions, and may result in individualized decisions on the management of this

beat-to-beat response of BP upon active standing in mild-to-moderate AD. This

persons’ living conditions and comorbidities.3

included the initial drop (nadir within 40 seconds) and recovery after 1-minute, both
expressed relative to resting values. We examined the relationship between a small or

A common comorbidity in AD is hypertension, with an estimated prevalence of

large initial drop (median split) and unimpaired (≥100%) or impaired recovery (<100%)

45%.4 While it is now widely accepted that vascular factors play a crucial role in the

with 1.5-year change in Alzheimer’s Disease Assessment-cognitive subscale (ADAS-

development of AD, the optimal treatment targets for blood pressure (BP), but also

cog) scores and all-cause mortality.

the prognostic role of BP once AD has been diagnosed, are unclear. Both a high and
a low BP have been associated with progression of AD.5, 6 One of the explanations for

6

RESULTS

this inconsistency could be that most studies focused on static BP measurements.

We included 55 participants (age 73.1±6.2 years). Impaired BP recovery was associated

Historically, single BP readings have mostly been used in studies and variations

with higher increases in ADAS-cog scores (systolic: β [95% CI]=5.6 [0.4-10.8], p=0.035;

observed between measurements were often discarded as noise.7 However, recent

diastolic: 7.6 [2.3-13.0], p=0.006). During a median follow-up time of 49 months,

findings have made us more aware of the importance of the dynamics that we observe

20 participants died. Impaired BP recovery was associated with increased mortality

in a BP signal and single BP measurements are no longer the recommended approach.8

(systolic: HR [95% CI]=2.9 [1.1-7.8], p=0.039; diastolic: HR [95% CI]=5.5 [1.9 -16.1],
p=0.002). The initial BP drop was not associated with any outcome. Results were

More generally, this fits with the shifting focus in geriatric medicine from using static

adjusted for age, sex and intervention group.

measurements under basal conditions to quantify a physiological system, towards
recognizing that these systems are highly dynamic.9, 10 Rather than a static measurement,

CONCLUSIONS

it may be more meaningful to measure a person’s ability to recover following a

Failure to fully recover BP after 1-minute after standing is associated with cognitive

stressor to the system.11 This concept can be referred to as physical resilience.12 In

decline and mortality in AD. As such, BP recovery can be regarded as an easily obtained

the context of the cardiovascular system, physical resilience could be quantified as

marker of progression rate of AD.

the ability to recover from an orthostatic challenge. The maintenance of BP during a
change in posture is complex, with neurological, cardiovascular and muscular systems
involved.13, 14 Impaired function of these systems may result in low BP during standing
and reduced organ perfusion, including the brain. Given the frequent occurrence of
a posture change during daily life,15 impairments in this response are likely to have
clinical implications.
There is indeed evidence that an impaired BP response upon active standing is
associated with adverse health outcomes in aging individuals, including mortality.16-18
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In addition, an impaired BP response upon standing has been associated with reduced

ORTHOSTATIC BP RECOVERY AND ALZHEIMER’S DISEASE

METHODS

cognitive function,19 higher risk of dementia20 and conversion from mild cognitive
impairment to dementia.21 Whether an orthostatic challenge test also has prognostic

STUDY DESIGN AND PARTICIPANTS

value in the progression of established AD is currently unknown. Therefore, we aimed

Data for this study were derived from the cerebral blood flow (CBF) substudy of

to test the hypothesis that an impaired BP response during an orthostatic challenge

the Nilvad trial.22 The Nilvad trial (NCT02017340) was a randomized controlled trial

test is associated with higher rate of progression of clinical AD. We investigated

investigating the effects of nilvadipine on cognitive and functional outcomes in 511

associations of the BP response with cognitive decline after 1.5 years and with all-

people with mild-to-moderate AD. The study found that nilvadipine had no effect

cause mortality after a long-term follow-up.

on disease progression.23 Between July 2013 and March 2015, the CBF substudy
included 58 participants from 2 study sites in the Netherlands (Radboud university
medical center, Nijmegen and Rijnstate, Arnhem). Participants were aged ≥50 years
and had a diagnosis of probable AD according to the criteria of the National Institute
of Neurological and Communicative Disorders and Stroke-Alzheimer’s disease
and Related Disorders Association.24 Using the recent National Institute on Aging
– Alzheimer’s Association Research Framework, these participants would now be
classified as Alzheimer’s Clinical Syndrome.25 The complete list of in- and exclusion
criteria for the Nilvad trial can be found in the study protocol.26 Ethical approval was
provided by the medical ethics committee (CMO Arnhem-Nijmegen, number 2012508) and written informed consent was obtained from every patient and a relevant
caregiver. The study was carried out according to the Declaration of Helsinki.

6

6

ORTHOSTATIC CHALLENGE TEST
From the evening prior to the study visit participants refrained from caffeine and
alcohol. During testing, beat-to-beat arterial BP was measured in the index or middle
finger of the non-dominant hand using volume-clamp photoplethysmography
(Finapres Medical Systems, Amsterdam).27 To prevent hydrostatic errors, an arm sling
was used to keep the hand at heart level throughout the procedure and the Finometer
height correction system was used to correct for accidental movements in hand
position relative to the heart. The BP signal was calibrated with an upper arm returnto-flow measurement.28 BP was recorded continuously at 200 Hz.
During the orthostatic challenge test participants sat in a straight-backed chair and
were asked to stand up. Participants were aided by research staff if necessary and were
instructed to stand calmly. Before the recording started, participants sat quietly for
at least 5 minutes. Subsequently, the measurement started with 2 minutes of sitting,
followed by 1 minute of standing. This was repeated 3 times. During the third trial
patients remained standing for 5 minutes. Supplemental Figure 1 provides a visual
presentation of the protocol.
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Semi-automated custom-written Matlab scripts (version 2014b, the MathWorks

status through the database of the Dutch municipal records. Survival data were

Inc., Natick, Massachusetts, USA) were used to preprocess the data as described

extracted in March 2019, resulting in a minimal follow-up period of 4 years.

previously.

29

Briefly, this included automatic detection of systolic and diastolic peaks,

visual inspection and manual correction of this detection, waveform integration for

OTHER VARIABLES

each beat, calculation of the inter-beat-interval and heart rate (HR) and resampling to

One week prior to their study visit, participants conducted home BP measurements

10 Hz. Subsequently, systolic BP (SBP), diastolic BP (DBP) and HR were filtered using

using a validated, memory-equipped, automatic oscillometric device (Microlife

a moving average filter with a 5-second window.30 We extracted the baseline, the

WatchBP Home, Microlife, Heerbrugg, Switzerland), following recommendations

initial response and the recovery values, in line with the normative data published

of the European Society of Hypertension.34, 35 During their study visit, the Clinical

by Finucane et al. (2014), see Supplemental Figure 1.31 Baseline was defined as

Dementia Rating (CDR) scale was assessed in order to describe the stage of dementia36

the average of 30 seconds (minus 40 to minus 10) before standing up. The initial

and the Disability Assessment for Dementia was used as a measure of daily function.37

orthostatic response was defined as the difference between the baseline and the nadir

Moreover, information on medical history, medication use and smoking (current, yes/

reached within the first 40 seconds after standing. Orthostatic recovery was defined

no) was collected by using the patient’s medical record and by consulting the patient’s

as the difference between the baseline and the average value after 50-60 seconds of

general practitioner, pharmacy and informal caregiver.

standing. Outcomes were calculated as percentage from baseline and results of the
three trials were averaged to increase reliability. The effect of prolonged standing was

In addition to the orthostatic challenge test, repeated sit-to-stand challenges were

investigated by calculating BP recovery after 5 minutes of standing during the third trial

performed at a frequency of 0.05 Hz, i.e. alternating 10 seconds sitting and 10 seconds

(average value after 280-300 seconds of standing).

standing, for 5 minutes. This was done to induce enhanced BP oscillations at 0.05 Hz
for estimation of baroreflex sensitivity (BRS).29 The majority of the participants also

6

The normative reference data from the Irish Longitudinal Study on Ageing (TILDA) for

underwent magnetic resonance imaging (MRI), from which we extracted total brain

the age group of 70-79 years was used to define a cut-off for unimpaired (≥100%) and

volume, grey and white matter volume, white matter lesion volume, microbleeds,

impaired (<100%) orthostatic recovery after 1 minute.31 A cut-off for the initial drop

infarcts and global CBF. Details on BRS and MRI assessment and analysis are provided

upon standing could not be derived from the reference data, which was based on

in the Supplementary Methods.

the larger initial drop from supine to standing. Therefore, patients were divided into
STATISTICAL ANALYSES

smaller or larger initial drop by a median split.

Results are presented as mean ±standard deviation or number (percentage), unless
STUDY OUTCOMES

stated otherwise. Linear regression was used to assess associations between normal

The primary outcome of the Nilvad trial was the 12-item Alzheimer’s Disease

or impaired BP response and change in ADAS-cog. Analyses were adjusted for age,

Assessment Scale - cognitive subscale (ADAS-cog).

The ADAS-cog covers several

sex and intervention (8 mg/day nilvadipine or placebo) group. The sample size did not

cognitive domains and ranges from 0-80 points, with higher scores indicating worse

allow adding more covariates. Next, we divided participants into fast progressors and

cognitive performance. Assessments were done at baseline and after 1.5 years and the

others, to visualize their full orthostatic BP response. Participants with missing ADAS-

change from baseline was used as the outcome. To visualize the full BP response, we

cog because of severe disease progression were also classified as fast progressors. Cox

also compared those with a fast progression on the ADAS-cog to the others. The mean

proportional hazard models were used to investigate whether an impaired BP response

rate of ADAS-cog progression is estimated at 5.5 points/year, corresponding to a 1.5-

was associated with mortality. The model was adjusted for age, sex and intervention

year change of 8.3 points when assuming linearity. Using this information, we defined

group. Results are presented as bèta or hazard ratio (HR) with 95% confidence interval.

an ADAS-cog change ≥12 points in 1.5 years as fast progression. The fast progressors

All analyses were performed for SBP and DBP. Given the explorative nature of the

were compared with the others, i.e. those with ADAS-cog change <12 points.

current analyses, p-value’s should be interpreted with caution. All analyses were

32

33

performed using SPSS software.
The trial ended after 1.5 years, after which we passively followed patients for survival
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RESULTS

ORTHOSTATIC CHALLENGE TEST
Sitting BP was 137.3/61.8 ±26.9/14.3 mmHg. Upon standing, BP decreased with

Fifty-five participants were included. A flow diagram is provided in Supplemental Figure

18.1/8.9 ±12.2/4.2 mmHg to 86.7 ±9.0 % of sitting SBP and 85.2 ±6.7 % of sitting DBP.

2. Nine participants had missing data on the change in ADAS-cog. This was because of

The median drop was 12.0% for SBP and 14.9% for DBP. After 1 minute of standing, in

severe disease progression at follow-up (n=5, all CDR 3 after 1.5 years), the participant

the complete sample BP recovered to 98.2 ±8.9 % for SBP and to 101.9 ±7.3 % for DBP.

refusing to participate in the cognitive test at baseline and follow-up (n=2, both CDR

However, 30 (54.5 %) and 20 (36.4 %) participants failed to recover to 100% of sitting

2 at baseline and follow-up) or because the caregiver withdrew consent (n=2, both

SBP and DBP, respectively. Baseline characteristics by 1-minute SBP recovery are

CDR 1 at baseline, CDR at follow-up unknown). An MRI scan was available for 48

presented in Supplementary Table 1. Compared to participants with full SBP recovery,

participants and BRS could be calculated in 49 participants. Baseline characteristics of

those with impaired recovery tended to have lower BRS (BRS-gain, median [IQR]: 2.31

the sample are presented in Table 6.1.

[2.00-3.42] versus 3.17 [2.30-4.46] ms/mmHg) and higher white matter lesion volume
(median [IQR]: 11.3 [6.6-27.7] versus 6.3 [3.4-10.1] *103mm3).
Three participants did not complete the 5 minutes of standing and were excluded

Table 6.1 Baseline characteristics

6

Variable

Total sample

Fast progressors

Others

n

55

18

33

Age (years)

73.1 ±6.2

71.7 ±5.9

73.9 ±6.4

Sex (female)

56.4 (31)

55.6 (10)

63.6 (21)

ADAS-cog 12 score

31.7 ±10.1

35.9 ±12.9*

28.7 ±7.0

DAD score

33.0 (29.7-38.0)

32.6 (31.0-37.6)

33.5 (31.0-37.9)

Smoking

9.1 (5)

5.6 (1)

9.1 (3)

History of CVD

16.4 (9)

22.2 (4)

15.2 (5)

After 1.5 years, ADAS-cog had increased by 8.3 ±8.6 points. Regression analyses

Diabetes mellitus

5.5 (3)

0

9.1 (3)

showed that failure to fully recover to sitting SBP (β [95% CI]: 5.6 [0.4 to 10.8], p=0.035)

BMI (kg/m2)

24.9 ±3.6

25.3 ±3.1

24.8 ±4.1

Intervention group

52.7 (29)

55.6 (10)

51.5 (17)

Antihypertensive drug use

29.1 (16)

33.3 (6)

24.2 (8)

in ADAS-cog scores (Table 6.2). For SBP, impaired recovery after 5 minutes of standing

Statin use

18.2 (10)

16.7 (3)

21.2 (7)

was also associated with more cognitive decline (6.6 [1.3 to 11.9], p=0.015). There was

Memantine use

10.9 (6)

11.1 (2)

12.1 (4)

Cholinesterase inhibitor use

81.8 (45)

77.8 (14)

84.8 (28)

no association between the initial BP drop and change in ADAS-cog.

Antidepressants use

14.5 (8)

16.7 (3)

15.2 (5)

Home systolic BP (mmHg)

135.6 ±18.3

134.6 ±14.6

136.0 ±19.9

Thirteen participants had an increase in ADAS-cog score of ≥12 and were, together with

Home diastolic BP (mmHg)

77.0 ±10.0

76.9 ±8.6

77.1 ±10.6

BRS-gain (ms/mmHg)

2.60 (2.12-3.57)

2.44 (1.99-3.26)

2.87 (2.16-3.68)

the five participants who could not repeat the ADAS-cog because of severe dementia

BRS-down (ms/mmHg)

2.55 (1.75-4.64)

2.91 (2.27-4.20)

2.37 (1.63-3.50)

at follow-up defined as fast progressors. Compared to the others, fast progressors had

BRS-up (ms/mmHg)

3.87 (2.58-5.53)

3.96 (2.76-4.77)

3.59 (2.59-6.10)

higher baseline ADAS-cog scores (35.9 ±12.9 versus 28.7 ±7.0 points, p=0.039) and

Brain volume (*105 mm3)

13.62 (0.67)

13.57 (0.58)

13.75 (0.70)

Grey matter volume (*105 mm3)

6.58 (0.47)

6.39 (0.44)*

6.74 (0.43)

lower baseline grey matter volume (6.58 ±0.47 versus 6.74 ±0.43 *105 mm3, p=0.019),

White matter volume (*105 mm3)

7.05 (0.42)

7.18 (0.37)

7.01 (0.44)

see Table 6.1. Figure 6.1 shows the full orthostatic BP response for the fast progressors

Presence of microbleeds

20.9 (9)

15.4 (2)

25.9 (7)

compared to the others.

Lacunair infarction

18.8 (9)

12.5 (2)

25.0 (7)

WML volume (*103mm3)

9.0 (3.8-23.1)

11.2 (5.8-26.9)

8.1 (3.4-14.4)

Global CBF (mL/100g/min)

84.51 (21.25)

81.00 (22.12)

88.12 (20.75)

for analysis of prolonged standing. After 5 minutes of standing, BP recovered to 97.6
±11.4 % for SBP and to 105.1 ±10.0 % for DBP. For SBP, 28 (52.8 %) participants had not
recovered to 100% of sitting BP after 5 minutes. For DBP, this number was 14 (26.4 %).
CHANGE IN ADAS-COG SCORE

and DBP (7.6 [2.3 to 13.0], p=0.006) within 1 minute was associated with more increase

Notes: values are mean ±standard deviation, median (interquartile range) or frequency (numbers). ADAS-cog=
Alzheimer’s Disease Assessment Scale - cognitive subscale. DAD= Disability Assessment for Dementia. CVD=
cardiovascular disease, BMI= body mass index, BP= blood pressure, BRS= baroreflex sensitivity, WML= white
matter lesion volume, CBF= cerebral blood flow. * p<0.05 for fast progressors versus others
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cognitive function after 1.5 years of follow-up
Unadjusted

Adjusted*

bèta (95% CI)

P

bèta (95% CI)

P

Initial SBP drop

-0.3 (-5.4 to 4.9)

0.922

-0.5 (-6.2 to 5.3)

0.872

Initial DBP drop

2.3 (-2.8 to 7.4)

0.376

1.9 (-3.4 to 7.2)

0.474

1- min SBP recovery

4.7 (-0.3 to 6.8)

0.067

5.6 (0.4 to 10.8)

0.035

1-min DBP recovery

5.6 (0.5 to 10.6)

0.033

7.6 (2.3 to 13.0)

0.006

5-min SBP recovery

6.3 (1.3 to 7.7)

0.015

6.6 (1.3 to 11.9)

0.015

5-min DBP recovery

4.1 (-2.0 to 10.2)

0.183

4.4 (-2.0 to 10.8)

0.176

a.

105
100

b.
DBP(%from sitting)

Table 6.2 The association between orthostatic blood pressure drop and recovery with changes in

SBP (%from sitting)
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Figure 6.2 Prolonged orthostatic challenge response for fast progressors (n=17, black lines) and others

Results from regression analyses of BP response and change in ADAS-cog. For the initial drop, groups with
a smaller or larger drop were compared (median split). For recovery, impaired recovery (<100% of sitting BP)
was compared to unimpaired recovery ( ≥100 % of sitting BP). CI = confidence interval; SBP = systolic blood
pressure; DBP = diastolic blood pressure. * The adjusted model is corrected for intervention group, age and sex.

(n=31, grey lines). (a) Systolic blood pressure (SBP). (b) Diastolic blood pressure (DBP). Fast progressors
were those with an ADAS-cog increase of ≥12 points (n=13) or who progressed too severely to perform
the ADAS-cog at follow-up (n=4). Filtered results are presented with a sample frequency of 10 Hz.
SBP=systolic blood pressure, DBP=diastolic blood pressure.
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ALL-CAUSE MORTALITY
During the follow-up period after the trial ended, 21 participants (37.5 %) died, of

100

whom one participant had not performed the orthostatic challenge test at baseline.

95

Participants who died had demonstrated greater ADAS-cog progression in the 1.5 years

90

of active follow-up (mean difference [95% CI]: 7.0 [1.6 to 12.3] points, p=0.012). Table

85

3 shows the results of the Cox proportional hazard analyses together with the number
-40

-20

0

20

40

60

Time after standing (s)

of events in each group. An impaired BP recovery after 1 minute was associated with a
higher mortality risk, for both SBP (adjusted HR [95% CI]: 2.9 [1.1 to 7.8], p=0.039) and

Figure 6.1 Orthostatic challenge response for fast progressors (n=18, black lines) and others (n=33,

DBP (adjusted HR [95% CI]: 5.5 [1.9 to 16.1], p=0.002). Neither a large initial drop in BP

grey lines). (a) Systolic blood pressure (SBP). (b) Diastolic blood pressure (DBP). Fast progressors were

nor impaired BP recovery after 5 minutes were associated with a higher mortality risk.

those with an ADAS-cog increase of ≥12 points (n=13) or who progressed too severely to perform the

Figure 6.3 shows the adjusted cumulative survival curves for impaired and unimpaired

ADAS-cog at follow-up (n=5). Unfiltered results are presented with a sample frequency of 10 Hz. Results

BP recovery after 1 minute.

of three trials within an individual are averaged.

Figure 6.1

Table 6.3 Results of Cox proportional hazard analyses for all-cause mortality

The difference in BP recovery between fast progressors (n=17) and others (n=31)

Events impaired
response

Events unimpaired
response

Hazard ratio
(95% CI)

P

remained visible during the complete 5 minutes of standing of the third trial (Figure 2).

Initial SBP drop

11/27 (40.7%)

9/28 (32.1%)

1.4 (0.5 to 3.6)

0.506

After 5 minutes, fast progressors had a SBP recovery of 93.6 ±10.0 % compared to 99.4

Initial DBP drop

12/27 (44.4%)

8/28 (28.6%)

1.6 (0.6 to 3.9)

0.328

±12.3 % for the others (p=0.095). DBP recovery was 100.6 ±8.3 % and 107.7 ±10.4 %,

1-min SBP recovery

14/30 (46.7%)

6/25 (24.0%)

2.9 (1.1 to 7.8)

0.039

1-min DBP recovery

11/20 (55.0%)

9/35 (25.7%)

5.5 (1.9 to 16.1)

0.002

5-min SBP recovery

11/28 (39.3%)

9/25 (36.0%)

1.1 (0.5 to 2.8)

0.794

5-min DBP recovery

7/14 (50.0%)

13/39 (33.3%)

1.6 (0.6 to 4.2)

0.337

for fast progressors and others, respectively (p=0.018).
Similar results were obtained if the five participants with missing ADAS-cog scores
were removed from the analysis (Supplemental Figure 3 and 4). Supplemental Figure

Adjusted for intervention group, age and sex. For the initial drop, groups with a smaller or larger drop were
compared (median split). For recovery, impaired recovery (<100% of sitting BP) was compared to unimpaired
recovery (≥100 % of sitting BP). SBP =systolic blood pressure; DBP =diastolic blood pressure.

5 shows the HR response during the orthostatic challenge.
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This study presents an examination of the orthostatic challenge test in people
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with mild-to-moderate AD, who participated in a randomized controlled trial that
investigated the effect of nilvadipine on cognitive decline after 1.5 years. In this post
hoc analysis, we showed that orthostatic BP recovery was associated with the clinical
prognosis in AD. Our main findings are that failure to recover to 100% of baseline BP

20
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after 1 minute of standing was associated with greater cognitive decline after 1.5 years,
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and with all-cause mortality. The drop in BP observed immediately after standing was
not associated with study outcomes. These results fit in the concept that slowing
down of recovery and maladaptive responses to perturbations can be indicators of low
physical resilience and loss of complexity in older adults and highlight the potential
and relevance of an orthostatic challenge as a test of physical resilience.10, 38

Figure 6.3 Cox proportional hazards adjusted cumulative survival curves for unimpaired versus impaired
systolic and diastolic blood pressure recovery after 1 minute of standing. Adjusted for age, sex and

Previous work on the orthostatic BP response in relation to cognitive function, did

Figure 6.3
intervention
group. SBP=systolic blood pressure; DBP=diastolic blood pressure.

not investigate progression in those with established AD. For example, Hayakawa and
colleagues showed that less recovery after 30 seconds was a predictor for conversion
from MCI to dementia.21 Also, the average BP recovery of 4 annual observations was
lower in those with dementia when compared to controls.20 On the contrary, in the

6

TILDA study there was no association between BP recovery and 2-year change in
cognition in healthy older adults.39 The latter might be explained by the short followup in a relatively healthy sample in combination with global cognitive testing. Our
finding that failure to recover to baseline BP predicts all-cause mortality matches with
previous work from our group performed in a falls clinic population.18 We now show
that this finding also applies to older adults with dementia, thereby extending this
observation to a larger part of the geriatric population.
What could explain our observations? The physiology behind the BP response upon
active standing is complex. The immediate fall in BP upon standing is mainly the
result of reduced venous return due to gravitational forces that cause a sudden shift
of central blood volume into the lower trunk and extremities. At the same time, HR
already starts to increase induced by an exercise reflex.40 Approximately 5 seconds
after standing, a further increase in HR and an increase in vascular resistance is induced
by sympathetic activation, through baroreflex-mediated autonomic regulation, in
order to recover the fall in arterial pressure.41 Thus, impaired BP recovery could be
related to reduced baroreflex function, specifically reduced sympathetic control of
vasoconstriction and HR increase. Cardiac BRS was indeed lower in participants with
an impaired BP recovery, although not statistically significant. The observations of a
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lower HR response during the recovery phase as well as a continuation of reduced BP

Our study, a substudy of the larger Nilvad trial, is limited by its small sample size,

recovery during prolonged standing also indicate that autonomic dysfunction may

hampering the addition of relevant covariates like hypertension.48 However our study

play a role in the pathophysiology. Autonomic dysfunction has been associated with

is enhanced, also compared to the larger Nilvad trial, by the detailed and thorough BP

neurodegenerative diseases, including AD.

The cortical brain structures involved in

measurements and characterization of participants, including cerebral imaging. Also,

autonomic regulation are affected by AD pathology in an early phase.43 Conversely, it

we had complete follow-up for mortality status. ADAS-cog changes were missing for

has been hypothesized that impaired BP recovery contributes to cognitive decline by

16% of the participants. This was predominantly because of severe disease progression

causing episodes of cerebral hypoperfusion, especially in the presence of impaired

at follow-up. However, results were similar whether we included these participants

cerebral autoregulation. However, in our previous work neither BRS nor cerebral

as fast progressors or whether we excluded them from the analysis. At baseline, the

autoregulation was impaired in AD compared to healthy controls.

fast progressors differed from the others in cognitive score and grey matter volume,

42

29

both factors that could well be associated with faster progression. This underscores

6

Impaired BP recovery could also be a marker of vascular disease. Indeed, orthostatic

why we report impaired BP recovery to be associated with faster progression, and not

hypotension is associated with an increased risk of cardiovascular and cerebrovascular

infer a causal relationship. A methodological consideration is the intervention with

events, that is independent of other vascular risk factors.44 Underlying vascular disease,

the calcium-channel blocker nilvadipine that was used in this trial and which may be

identified by incomplete BP recovery, could explain both cognitive progression and

a confounder in these analyses. However, we previously showed that lowering of BP

increased mortality. Extending this hypothesis, failure to fully recover after standing

with nilvadipine in the main Nilvad study did not increase orthostatic hypotension.49 In

may be an expression of increased BP variability during daily life, leading to high

addition, the intervention had no effect on ADAS-cog scores,26 but in the substudy we

pulsatility in the brain with microvascular dysfunction as a possible consequence.45

found an effect of nilvadipine on hippocampal CBF.50

In our study, AD was diagnosed using clinical criteria, without amyloid biomarkers.

A particular strength of this study is the use of continuous beat-to-beat finger arterial

This means that some participants may have had other dementia subtypes, including

BP measurements instead of the traditional arm-cuff based approached, which

dementia with Lewy bodies (DLB). This might have been clinically diagnosed as AD,

allows capturing transient information instead of steady-state measurements.51 The

as the characteristic motor signs (hypokinetic rigidity) of DLB may be masked in early

initial drop in BP upon standing in our study (±18/9 mmHg) was smaller compared

stages. DLB is associated with neurogenic OH due to autonomic dysfunction.46 As

to previous studies, for example in the normative data of people aged 70-79 years

disease progression and mortality risk may differ between AD and DLB, theoretically

from TILDA (±40/25 mmHg).31 This is likely the result of studying the BP response

this could explain part of our observations. However, during the 1.5 years of trial

using sitting instead of lying as a reference position, which reduces gravitational

participation none of our participants developed clinical evidence of DLB.

stress. In addition, we used the average of three sit-to-stand trials, rather than a single

47

measurement as often done in other studies, which also contributes to observing less
In summary, a cogent physiological explanation currently remains speculative. Whether

extreme values. Our sit-to-stand approach has the advantage of being more easily

our findings are indeed the result of a bidirectional link with more neurodegeneration

performed by an older population, making it a more feasible test for clinical practice.

leading to impaired autonomic dysfunction, which in turns leads to more BP variability

Furthermore, it is the most frequently occurring posture change during daily activities,

and cognitive decline needs to be confirmed in further studies. The same holds for

making it a relevant test for daily function.15 Despite the smaller initial perturbation in

whether it is possible to intervene in this pathway as a way to slow progression.

BP, we still observed that the ability to recover BP after 1 minute was associated with

Irrespective of the pathophysiology, our work has clear clinical relevance, because

cognitive decline and mortality. We did not have data on the presence of cerebral

it provides the field with an easily performable test to identify a higher risk of disease

hypoperfusion symptoms upon standing and as such, could not study the association

progression. The clinical course of AD is known to be very heterogenous and being

with AD progression and initial orthostatic hypotension as defined by Wieling et al.52

able to identify factors associated with accelerated decline can help care providers
and families of people with dementia.1

130

131

6

CHAPTER 6

In conclusion, we found evidence for the hypothesis that impaired BP recovery in
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DIAGNOSTIC ACCURACY OF OFFICE
BLOOD PRESSURE COMPARED TO
HOME BLOOD PRESSURE IN PATIENTS
WITH MILD COGNITIVE
IMPAIRMENT AND DEMENTIA

CHAPTER 7

OFFICE AND HOME BP IN MEMORY CLINIC PATIENTS

ABSTRACT

INTRODUCTION

BACKGROUND

Hypertension is the most prevalent treatable risk factor for cardiovascular diseases,

Hypertension and cognitive impairment often coexist in older people. Office blood

affecting ±75% of people aged over 70 years.1,2 There is controversy regarding

pressure measurement is a poor indicator for diagnosing hypertension in the general

hypertension management in older people with cognitive impairment,3 despite

population. However, its diagnostic accuracy has not been substantially studied

these morbidities often coexisting in this group.4 This group has been excluded from

in patients with cognitive impairment. The aim of this study was to determine the

randomized controlled trials estimating the benefit-to-risk ratio of antihypertensive

proportion of misdiagnosis of hypertension in patients with mild cognitive impairment

treatment. Based on observational evidence, it is postulated that people with cognitive

and dementia compared to no cognitive impairment, by comparing office blood

impairment are more prone to side-effects of treatment (such as hypotension and falls)

pressure measurement with home blood pressure measurement.

and might even show a more rapid cognitive decline with hypertension treatment.5,6
Considering this ongoing discussion, the current clinical advice is to assess blood

METHODS

pressure (BP) carefully and accurately in this group,7 since treatment decisions based on

A cross-sectional study including consecutive patients visiting a memory clinic

an incorrect diagnosis of hypertension may expose people with cognitive impairment

between 2014 and 2017. Home blood pressure was measured for 1 week according

to greater risks than older people with normal cognitive function.

to the European guidelines. Office blood pressure was assessed during routine clinical
practice. Using guideline definitions for normal blood pressure and hypertension,

It has generally been acknowledged that the accuracy of an office BP measurement

we investigated the proportion of disagreement between office blood pressure

(OBPM) is low and hence, out-of-office measurements are now recommended by

measurement and home blood pressure measurement. Univariable and multivariable

guidelines.8,9 Ambulatory BP monitoring over 24 hours (ABPM) has been accepted

logistic regression compared disagreement in diagnosis between patients with

internationally as the gold standard for hypertension diagnosis,10 but can be experienced

dementia, mild cognitive impairment and no cognitive impairment.

as invasive,11 and may result in lifestyle disruption, especially in people with cognitive
impairment, which reduces its representability for daily life. In addition, it comes with

7

RESULTS

considerable costs. Home blood pressure monitoring (HBPM) has been shown to be

Of 213 patients (aged 73.4±9.0 years, 42% women) 82 had dementia, 65 had mild

a feasible and reliable alternative for ABPM in several populations,12 including patients

cognitive impairment and 66 had no cognitive impairment. Mean office blood pressure

with dementia. Not unexpectedly, the majority of dementia patients also indicated

was 156/84±23/11 mmHg and mean home blood pressure was 139/79±16/10 mmHg.

they preferred HBPM over ABPM.

13

In 31% of patients, there was disagreement in hypertension diagnosis. This proportion
was higher for mild cognitive impairment (38.5%) and dementia (35.4%) compared to

In a general older population (mean age 70 years) the prevalence of a misdiagnosis

no cognitive impairment (18.2%), with adjusted odds ratios of 3.7 (95% CI=1.5-9.0,

of hypertension with OBPM, compared with HBPM, was 22%.14 This percentage

P=0.005) for mild cognitive impairment and 3.4 (1.3-8.6, P=0.011) for dementia.

consisted of false positives (i.e. white-coat hypertension, 13%) and false negatives (i.e.
masked hypertension, 9%). It is unknown whether these findings can be extrapolated

CONCLUSIONS

to a population of older people with cognitive impairment. Therefore, the aim of this

In memory clinic patients with dementia and mild cognitive impairment, the diagnostic

study was to investigate the proportion of misdiagnosis of hypertension with OBPM,

accuracy of office blood pressure measurement is lower compared to patients without

when compared to HBPM, in older people with mild cognitive impairment (MCI) and

cognitive impairment. To avoid the risk of making improper treatment decisions in

dementia.

this vulnerable group, a diagnosis of hypertension should be based on home blood
pressure measurement, not office blood pressure measurement.
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METHODS

days, resulting in a maximum of 28 measurements. As recommended, measurements
for day 1 were discarded and mean BP was not calculated if patients performed fewer

PARTICIPANTS

than 12 measurements.21 Patients and (when applicable) their caregiver received a

This cross-sectional study included consecutive patients referred to the memory

demonstration and written instructions on how to measure home BP. Patients were

clinic at a university teaching hospital between 2014 and 2017. Patients who agreed

instructed to sit in a straight chair with the arm supported by a table for at least 5

to perform HBPM were eligible for this study. The study was approved by the medical

minutes before starting a measurement.

ethics committee and used an opt-out consent approach for the use of medical
records. The investigation conforms with the principles outlined in the Declaration

OUTCOMES

of Helsinki. Of 1159 referred patients, 261 agreed to perform HBPM and did not opt

The main outcome of interest was the presence of disagreement in hypertension

out. Patients who received HBPM had higher systolic office BP (SBP; 155.9±22.8 vs.

diagnosis between OBPM and HBPM. Disagreement in diagnosis was defined as

150.9±23.4 mmHg, P=0.005), were less often women (40.7% vs. 53.0%, P=0.001), and

either hypertension on OBPM, but a normal HBPM (i.e. white-coat hypertension) or

less frequently had a diagnosis of dementia (39.5% vs. 58.8%, P<0.001). For details see

as normal OBPM, but hypertension on HBPM (i.e. masked hypertension). The cut-off

Table S1 and Figure S1.

point for hypertension on OBPM was SBP≥140 mmHg and/or diastolic BP (DBP) ≥90
mmHg. Cut-off point for hypertension on HBPM was SBP≥135 mmHg and/or DBP≥85

CLINICAL MEASUREMENTS

mmHg.8 To explore these results further, presence of white-coat hypertension and

Clinical information was collected during a comprehensive geriatric assessment by

masked hypertension were also analyzed separately and an analysis with only morning

a geriatric medicine registrar. This included information on socio-demographics,

or evening HBPM was performed.

psychosocial abilities, functional abilities, cardiovascular history, medication use

7

and cognitive screening. Cardiovascular history was marked as present if one of the

STATISTICAL ANALYSIS

following conditions were identified in the medical history: chronic heart failure,

Continuous and categorical variables were presented as mean (SD) or median

coronary heart disease, arrhythmia, cerebrovascular disease, or peripheral artery

(interquartile range) and % (n), respectively. Descriptive variables were compared

disease. Cognitive screening included the Mini-Mental State Examination (MMSE;

between patients with dementia, MCI and CN with analysis of variance, chi-squared

01/2014-04/2016) or the Montreal Cognitive Assessment (MoCA; 05/2016-12/2017).14,15

test or the Kruskal-Wallis test, as appropriate. Univariable and multivariable logistic

Functional abilities were assessed with the Barthel Index for activities of daily living and

regression models were used to examine the association between disagreement in

the Lawton-Brody Scale for instrumental activities of daily living.

Supine OBPM was

hypertension diagnosis and cognitive groups. The group of CN patients was used as

taken using a manual sphygmomanometer according to standard clinical practice.

a reference. In the multivariable model we adjusted for age, sex, level of education

Cognitive diagnoses were established in a multidisciplinary meeting with geriatricians

(low/medium/high),22 cardiovascular history (present/absent), use of blood pressure

and neuropsychologists, based on all information from the geriatric assessment and

lowering medication (yes/no) and living situation (alone or with spouse). Unadjusted

when necessary after additional diagnostic testing (i.e. neuropsychological testing or

and adjusted odds ratios with 95% confidence intervals were reported. All analyses

neuro-imaging), using international diagnostic criteria.

16, 17

Based on this assessment

were performed with IBM SPSS Statistics 25.0 (SPSS, Inc, Chicago, IL). In order to

we categorized patients into three cognitive groups: dementia (any type), MCI and

detect a difference in the proportion of misdiagnosis of 18%, with a power of 80% and

cognitively normal (CN, i.e. subjective cognitive complaints).

alpha set at 0.05, a sample size of 209 patients was required. For details of the sample

18, 19

size calculation see the Supplementary material.
HOME BP MEASUREMENT
HBPM involved a validated, memory equipped, automatic oscillometric device (Microlife
WatchBP Home, Microlife, Heerbrugg, Switzerland), following recommendations of
the European Society of Hypertension.20, 21 This comprised duplicate measurements in
the morning (06.00h-10.00 hours) and evening (17.00h-21.00 hours) for 7 consecutive
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Table 7.1 Descriptive characteristics of memory clinic patients by cognitive group
Total
(n=213)

Dementia
(n=82)

MCI
(n=65)

CN
(n=66)

P-value
<0.001

Ninety per cent (236/261) of the patients who agreed to perform HBPM reached

Age, years

73.4 (9.0)

77.3 (7.4)

74.4 (8.0)

67.5 (8.8)

the minimum threshold of 12 measurements. There were no relevant differences in

Sex, female, % (n)

41.8 (89)

45.1 (37)

43.1 (28)

36.4 (24)

characterstics between those with successful and unsuccessful HBPM, as described in

MMSE score, median (IQR)*

23 (26-28)

23 (20-25)

26 (24-28)

28 (26-29)

<0.001

MoCA score, median (IQR)*

21 (17-24)

16.5 (11-21)

22 (19-24)

25 (21-28)

<0.001

ADL, median (IQR)**

20 (19-20)

20 (18-20)

20 (19-20)

20 (19-20)

0.042

IADL, median (IQR)***

6.0 (3.5-8.0)

4.0 (2.0-6.0)

7.0 (5.5-8.0)

8.0 (4.3-8.)

<0.001

Nr. of drugs, median (IQR)

4 (1-7)

4 (2-7)

4 (1-7)

5 (1-8)

0.872

BP lowering drug, % (n)

58.2 (124)

61.0 (50)

56.9 (37)

56.1 (37)

0.808

History of CVD, % (n)

43.2 (92)

46.3 (38)

43.1 (28)

39.4 (26)

0.698

Low

15.5 (33)

22.0 (18)

12.3 (8)

10.6 (7)

Medium

50.2 (107)

52.4 (43)

49.2 (32)

48.5 (32)

High

34.3 (73)

25.6 (21)

38.5 (25)

40.9 (27)

73.7 (157)

74.4 (61)

76.9 (50)

69.7 (46)

0.633

Office systolic BP, mmHg

156.1 (23.3)

157.5 (26.9)

156.6 (18.8)

154.0 (22.6)

0.650

Office diastolic BP, mmHg

83.9 (10.6)

82.6 (10.2)

83.1 (9.0)

86.4 (12.1)

0.075

and HBPM. This proportion was 35.4% for dementia patients, 38.5% for MCI patients

Office heart rate, bpm‡

67.8 (11.5)

68.6 (12.2)

68.8 (11.7)

65.9 (10.2)

0.313

and 18.2% for cognitively normal patients (Figure 7.1). The unadjusted and adjusted

Home systolic BP, mmHg

139.3 (16.2)

140.7 (16.4)

138.1 (16.4)

138.8 (15.9)

0.596

Home diastolic BP, mmHg

78.9 (9.5)

77.0 (9.2)

78.0 (9.5)

82.1 (9.1)

0.003

Home heart rate, bpm

69.2 (9.8)

69.3 (10.6)

69.6 (9.8)

68.6 (8.8)

0.819

CN patients, the adjusted odds ratios of disagreement in diagnosis were 3.4 (1.3-8.6)

Home-office systolic BP

-16.8 (21.1)

-16.8 (24.4)

-18.5 (20.8)

-15.2 (17.9)

0.685

for dementia and 3.7 (1.5-9.0) for MCI.

Home-office diastolic BP

-5.0 (10.4)

-5.6 (10.4)

-5.1 (9.6)

-4.3 (11.2)

0.734

Table S2. For 9.7% (23/236) of the patients OBPM was missing in the medical record,
leading to a final study sample of 213.
Table 7.1 shows the characteristics of the final study sample. More than two-third
(69%) of the patients in the study had a diagnosis of dementia or MCI. Patients with

Education level, % (n)

dementia or MCI were significantly older compared to cognitively normal patients.
Mean home BP was on average -16.8/-5.0 mmHg lower than office BP. This difference
was similar across groups.

Living with spouse, % (n)

0.544

0.149

Blood pressure measurements

In 31% of patients, there was disagreement in hypertension diagnosis between OBPM

odds ratios and 95% confidence intervals are presented in Table 7.2. Compared to the

7

Study outcomes
Disagreement diagnosis, % (n)

31.0 (66)

35.4 (29)

38.5 (25)

18.2 (12)

In additional analyses we analyzed the two types of disagreement in hypertension

White-coat hypertension, % (n)

22.5 (48)

20.7 (17)

33.8 (22)

13.6 (9)

diagnosis separately. We observed a similar pattern for white-coat hypertension, but

Masked hypertension, % (n)

8.5 (18)

14.6 (12)

4.6 (3)

4.5 (3)

not for masked hypertension (Table 7.2). When morning and evening HBPM were
analyzed separately, similar results were obtained (Table S3 and Table S4).
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Range 0-30, higher score indicates better performance. MMSE (n=156) was used between 01/2014-04/2014,
MoCA (n=52) was used between 05/2016-12/2017. **Range 0-20, higher score indicate less dependency
(n=171). ***Range 0-8, higher score indicates less dependency (n=169). ‡Available for 176 patients. Results
presented as mean (SD) unless otherwise noted. P-value derived from ANOVA, chi-squared test or KruskalWallis test. MCI= mild cognitive impairment; CN=cognitively normal; MMSE=Mini-Mental State Examination;
MoCA=Montreal Cognitive Assessment; ADL= Activities of daily living; IADL= instrumental activities of daily
living; BP= blood pressure; CVD= cardiovascular disease.
*
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DISCUSSION

Disagreement in HT diagnosisi, %

50

White-coat
Masked

We investigated the diagnostic accuracy of OBPM compared to HBPM in a memory clinic

40

population. Using recommended cut-offs for hypertension diagnosis, 31% of patients
showed disagreement between OBPM and HBPM. The proportion of disagreement

30

was doubled in patients with dementia and MCI compared to CN patients. Even after
adjusting for several demographic factors, we found that having dementia or MCI was

20

associated with an increased risk of incorrect hypertension diagnosis. This was mainly
driven by a higher prevalence of white-coat hypertension in dementia and MCI and in

10

a smaller extent to a higher prevalence of masked hypertension in dementia.

0

Previous research showed that the proportion of disagreement between OBPM and
CN

MCI

dementia

HBPM in a cohort of treated hypertensive patients (mean age 70 years) was 22%,23

Figure 7.1 Proportion of disagreement in hypertension diagnosis by cognitive group, split in proportion

which is comparable to our observation in the CN group. Our results now indicate that

due to white-coat hypertension and due to masked hypertension. Disagreement in diagnosis was

in older people with cognitive impairment, OBPM is even less accurate. Given previous

defined high OBP, but a normal HBP (white-coat hypertension) or as normal OBP, but high HBP (masked

observations that HBPM is well tolerated and reliable in patients with dementia,13 this

hypertension) with cut-off points for high OBP of SBP≥140 mmHg and/or DBP≥90 mmHg and cut-off

advocates for the use of HBPM before any decisions regarding BP management are

points for high HBP of SBP≥135 mmHg and/or DBP≥85 mmHg. CN=cognitively normal; MCI=mild

made.

cognitive impairment; HT=hypertension.

Several concepts can be proposed to explain this observation. First, patients with MCI

e 7.1

or dementia visiting the clinic might experience more stress or anxiety, resulting in
a higher proportion of white-coat hypertension.24 More speculative, the seemingly

Table 7.2 Univariable and multivariable logistic regression models
Disagreement in
HT diagnosis

White-coat
hypertension

Masked
hypertension

OR (95% CI) P

OR (95% CI) P

OR (95% CI) P

CN

1.0 (ref)

-

1.0 (ref)

-

1.0 (ref)

-

MCI

2.8 (1.3-6.3)

0.011

3.2 (1.4-7.7)

0.008

1.0 (0.2-5.3)

0.985

Dementia

2.5 (1.2-5.3)

0.022

1.7 (0.7-4.0)

0.263

3.6 (1.0-13.3)

0.055

CN

1.0 (ref)

-

1.0 (ref)

-

1.0 (ref)

-

MCI

3.7 (1.5-9.0)

0.005

5.1 (1.9-13.9)

0.001

0.7 (0.1-4.4)

0.747

Dementia

3.4 (1.3-8.6)

0.011

2.9 (1.0-8.5)

0.047

2.3 (0.5-10.6)

0.295

7

higher prevalence of masked hypertension in dementia patients might be an expression
of reduced compliance to antihypertensive treatment in daily life,

25

while patients

are reminded to take their medication on the morning of a planned doctor’s visit.

Unadjusted

Of note here is that 10/12 dementia patients with masked hypertension were indeed
prescribed antihypertensive medication. Finally, increased BP variability has been
suggested to be involved in the pathophysiology of dementia and can result in a less

Adjusted

Adjusted model is corrected for age, sex, educational level, use of blood pressure lowering medication, history
of cardiovascular history and living situation. HT=hypertension; OR=odds ratio; CI=confidence interval;
CN=cognitively normal; MCI=mild cognitive impairment.

reliable measurement with only one observation, as is the case with OBPM.26 In these
interpretations we refer to HBPM as the reference standard, which is supported by
ample evidence. However, it cannot be completely ruled out that HBPM is responsible
for the observed disagreement between groups.
STRENGTHS AND LIMITATIONS
In this study, HBPM was measured according to the European guidelines using a
validated device equipped with a memory function and set at fixed time windows.
Measurement of OBPM was part of the routine clinical practice, and as result assessed
by different physicians, which could have introduced observer bias.27 Nevertheless, it
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does represent normal clinical practice OBPM. Also, OBPM was performed manually
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ABSTRACT

INTRODUCTION

BACKGROUND

It is widely accepted that cardiovascular risk factors, such as high blood pressure (BP),

Physicians are cautious to prescribe antihypertensive drugs in frail older adults because

especially during mid-life, are associated not only with increased risk of vascular disease,

of the potential adverse effects, especially in those with cognitive complaints. Lifestyle

but also with increased dementia risk.1 The proposed underlying mechanisms relating

aspects might provide safe targets to lower blood pressure in older adults.

high BP to cognitive function are modifications in brain structure and morphology, such
as white matter hyperintensities.2 Whilst this underscores the importance to lower BP,

OBJECTIVE

physicians are cautious to prescribe antihypertensive drugs in older adults because of

Our goal was to evaluate the association between activity patterns and blood pressure

the potential for adverse effects, especially in those with frailty associated with cognitive

in memory clinic patients.

impairment or dementia.3 These controversies around antihypertensive drugs emphasize
the importance of non-pharmacological lifestyle interventions as BP-lowering strategies,

METHODS

such as the current recommendation to perform regular aerobic exercise.4

We used an observational cross-sectional study to measure activity patterns with the
ActivPAL accelerometer, and simultaneous home blood pressure levels in memory

Physical inactivity is not only linked to increased BP, but may be directly and indirectly

clinic patients (age range 51–87 years old). Office blood pressure was assessed during

responsible for an estimated 20% of all Alzheimer’s cases.5 While effects of exercise on

routine clinical practice.

BP and cognition have been well studied, practical feasibility of regular exercise is highly
challenging in older, frail adults. Alternatively, focusing on the other end of the physical

RESULTS

inactivity spectrum, i.e. reducing sedentary behaviour (SB), could be a promising target

41 patients (mean age of 74.3 (7.7) years of age, 46% female) were included. Sedentary

for BP control. Studies on the short-term effects of SB indeed show increases in BP over

parameters were associated with higher mean home blood pressure, with the

seven hours that could be counteracted by short light-intensity walking breaks.6 The

strongest correlation between more prolonged sitting bouts and higher SBP (r=0.58,

potential physiological mechanisms that underlie this acute BP raising effect of SB may

p<.0001). Physical activity parameters were negatively associated with mean home

relate to a lower metabolic demand during sitting or alterations in vascular tone during

blood pressure. Adjusted regression estimates remained significant, showing e.g. a

sitting, which result in higher peripheral resistance that increases BP. 7,8

4.5 (95% CI=1.6;7.4) mmHg increase in SBP for every hour of sitting per day and a -1.0

8

(95% CI=-1.8;-0.2) mmHg decrease in DBP for every additional 1000 steps per day. No

Observational studies on SB and BP on the somewhat longer time scale of weeks are

strong correlations were found between any of the activity pattern variables and office

limited, especially in the older population, while these are particularly relevant for the

blood pressure.

question if SB may be a non-pharmacological target for BP management. This may
relate to the difficulty to objectively and reliably assess both BP and SB in daily living. In

CONCLUSION

particular in older adults, self-reported assessment of activity patterns is bound to be

Associations between activity pattern variables and blood pressure were only found

subject to recall bias and misinterpretation.9,10 Additionally, office BP measurements are

with home blood pressure measurements, not with office measurements. Longitudinal

not ideal due to their inaccuracy caused by the combination of white-coat and masked

evaluations of these associations are now needed to explore if reducing prolonged

hypertension,4 which is even more pronounced in people with cognitive impairment.11

sedentary bouts and increasing step count indeed serve as safe targets to lower blood

Despite the fact that the association between SB and BP has been widely studied, most

pressure.

studies use these subjective assessments of SB and unreliable single office BP measures.
Additionally, the population of interest, older adults with memory complaints, is not
researched extensively. Therefore, we aimed to investigate the association between
objectively measured activity patterns and home BP measurements (HBPM), with routine
office BP measurements as comparison, in a memory clinic.
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METHODS

Hypertension, patients were asked to measure in duplicate both in the morning (06:0010:00 hours) and evening (17:00-21:00 hours).15,16 Of these 28 single measurements,

PARTICIPANTS

data from day 1 was discarded, and mean systolic (SBP) and diastolic (DBP) blood

We included patients who were referred to the outpatient memory clinic of a university

pressure values over the remainder of the week were calculated. A minimum of eight

hospital from August 2018 to July 2019. In total 246 patients visited the memory clinic

duplicate measurements was set for the data to be valid and included.15

during that time. People not living within reasonable geographical proximity (>30 km)
were excluded based on logistical reasons. Remaining patients were pre-screened

Demographic and clinical information, including medication use, was collected during

by the treating physician or nurse on their capability to participate in the study. This

the geriatric assessment by the treating physician. This included a cognitive assessment

capability to participate was judged based on the mastery of the Dutch language,

with the Montreal Cognitive Assessment (MoCA) tool, BMI (kg/m2) assessment,

ability to understand and perform the measurements at home, and presence of an

and supine office BP measurement with a manual sphygmomanometer. Level of

informal caregiver at home and during the appointment. There were no additional in-

education was asked and coded as proposed by Verhage.17 Cognitive diagnoses were

or exclusion criteria used. The study was approved by the medical ethics committee

established during the memory clinic’s multidisciplinary meeting of geriatricians and

(#2016-2753) and used an opt-out consent approach for the use of medical records.

neuropsychologists based on medical history and physical examination, cognitive

The investigation was conducted in accordance with the Declaration of Helsinki.

evaluation and when indicated other measurements including MRI. Hypertension
was defined as mean HBPM ≥135/85 mmHg or antihypertensive drug use.4 A vascular

MEASUREMENTS

comorbidity score (VCS) was established as a continuous measure based on a history

Activity patterns were assessed for seven full consecutive 24-hour periods with an

of chronic heart failure, coronary heart disease, cardiac arrhythmias, cerebrovascular

accelerometer (ActivPALTM micro, PAL Technologies, Glasgow, UK) attached by a

disorder, peripheral artery disease, diabetes, antiplatelet, anticoagulant, and statin drug

research assistant to the upper right leg . This accelerometer is able to distinguish

use, and hypertension diagnosis.18

12

between sitting/lying, standing, and stepping (activity) based on posture. In order to
differentiate sitting and sleep, participants were asked to keep a sleep/wake diary,

STATISTICAL ANALYSIS

including naps. PALanalysis software v8 (PAL Technologies, Glasgow, UK) was used

Continuous variables are presented as mean (SD), categorical variables as percentages

to visually inspect the data to confirm these diaries. With a modified version of the

(n). Pearson and Spearman correlation coefficients were calculated between the activity

script by Winkler et al. , mean sleep, sitting, standing, and stepping (activity) time were

and BP measures for normally and non-normally distributed variables, assessed by the

calculated per day. Prolonged bouts were defined as uninterrupted periods of sitting of

Shapiro-Wilk test, respectively. Linear regression was used to assess cross-sectional

≥30 minutes. The ActivPAL also estimates energy expenditure expressed in metabolic

corrected associations (reported as unstandardized regression estimates) between

equivalents (METs). Based on the validated cut-off point of ≥3 METs, moderate-to-

individual-mean activity and individual-mean BP measures. Covariates that were

vigorous physical activity (MVPA) was defined.14 Days were excluded, based on the

considered were age, sex, education, BMI, and VCS. Since BMI and VCS might partly

criteria of Winkler et al13, if less than 10 hours of awake time was registered, if one of

mediate the association between SB and BP, these were included in a separate model.

the three activities (sitting/standing/stepping) would take up 95% of the total awake

All covariates, except for sex, were used as continuous measures. Q-Q plots used to

time, or if the number of steps was lower than 500. The average time or count per day

assess normality of the residuals of the regression analysis did not show indications for

was calculated over the whole period that the device was worn.

non-normality. Secondary analysis entailed a multi-level model with individual time-

13

8

varying daily activity pattern variables, corrected for individual week-mean values, and
During the same period, patients were asked to perform HBPM with an automatic

daily evening BP values, to get an impression of the within-subject associations as

oscillometric device (Microlife WatchBP Home, Microlife, Heerbrugg, Switzerland).

well. Only evening BP values were taken into account here, to make sure the outcome

Patients received a demonstration and written instructions indicating that patients

measure was not preceding the explanatory daily activity patterns. All analyses were

needed to sit in a straight chair and support their arm using a table for at least five

performed in SAS 9.4, with two-sided testing with P values less than .05 considered

minutes before starting the measurement. As recommended by the European Society of

significant.
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RESULTS

SBP and prolonged bouts. Sleep time was only associated with home DBP (rs=0.48,
p=0.002, data not shown).

Of the 51 patients who received an accelerometer and home BP device, 41 had valid
data for both outcomes (Figure S1). These 41 patients were on average 74.3 (7.7) years
Sitting (hours/day)

of age, and 46% were female (Table 8.1). Mean sitting time was 9.4 (1.6) hours/day and
home BP was on average 136 (15)/77 (9) mmHg, which was lower than the office BP.

Table 8.1 Participant characteristics

8

12
10
8
6

Mean (SD) or % (n)

8

Age, years
Age range, years

74.3 (7.7)
51 - 87

7

Sex, female

46 % (19)

BMI1, kg/m2

26.5 (4.0)

MoCA score2

21.8 (4.1)

Medication use
Antihypertensive drugs
ARB
ACE inhibitor
Diuretic
Beta blocker
Calcium channel blocker
Statins
Antithrombotic agents

42 % (17)
17 % (7)
15 % (6)
10 % (4)
24 % (10)
7 % (3)
32 % (13)
37 % (15)

Diagnosis
Dementia
Mild cognitive impairment
Subjective cognitive complaints
Other neurological condition

29 % (12)
39 % (16)
24 % (10)
7 % (3)

Sitting time, hours/day

9.4 (1.6)

Prolonged bouts, count/day

5.3 (1.3)

Steps, count/day

8706 (3603)

MVPA, minutes/day

68.9 (29.4)

Sleep time, hours/day

8.5 (0.8)

Home systolic blood pressure, mmHg

136 (15)

Home diastolic blood pressure, mmHg

77 (9)

Office systolic blood pressure, mmHg

157 (24)

Office diastolic blood pressure, mmHg

81 (12)

ARB= angiotensin II receptor blocker, ACE= angiotensin-converting-enzyme, BMI= body mass index, MVPA=
moderate to vigorous physical activity. 1n=39 due to two missing values. 2n=40 due to one missing value.

Bouts per day

Characteristic

Steps per day

r=0.34

r=0.13

r=0.58

r=0.34

r=0.39

r=0.22

r=0.53

r=0.18

r=0.37

r=0.11

r=0.52

r=0.18

r=0.37

r=0.08

5
4

15000

MVPA (minutes/day)

r=0.14

6

3

Figure 8.1

r=0.42
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Figure 8.1 Scatter plots with uncorrected correlation coefficients between activity pattern measures and
home and office blood pressure measures in memory clinic patients. MVPA= moderate-to-vigorous
physical activity, SBP= systolic blood pressure, DBP= diastolic blood pressure. Note: correlations that
were non-significant (p>0.05) are shown in grey, Pearson (or Spearman’s for home DBP) correlations
are shown in the right corners per association.

Longer sitting time and more prolonged bouts were associated with higher home BP
(Figure 8.1). The strongest association was present between prolonged bouts and
home SBP (r=0.58, p<.0001). Higher step count and MVPA were associated with lower

When adjusting for age, sex, and education, all associations remained significant

home BP. In contrast to home BP, no statistically significant correlations were found

(Table 8.2). For example, an increase of one hour of sitting per day was related to 4.5

between activity pattern and office BP, except for a weak correlation between office

mmHg increase in SBP. There was no statistically significant interaction with either
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antihypertensive drug use or physical activity in all models (data not shown). Additional

DISCUSSION

correction for the potential mediators BMI and VCS did not fully explain this effect
(Table 8.2).

To date only limited observational evidence exists for the association between
objectively measured activity patterns and home BP, especially in the older population.

The secondary multi-level model analysis with individual daily activity patterns and

In this study we showed that higher mean sedentary levels were associated with a

daily evening BP values resulted in smaller associations between the activity patterns

higher mean BP, and that being more physically active was associated with a lower BP.

and BP values and a loss of statistical significance, e.g. the estimate of one additional

Interestingly, these associations only became apparent when BP was estimated with

prolonged sedentary bout was 0.7 (95%CI=-0.2;1.7) mmHg on SBP (Table 8.3).

repeated measurements at home, and not with single office BP measurements.
Home BP values,19 and sitting patterns20 were comparable to previous research in older

Table 8.2 Adjusted unstandardized regression estimates between activity patterns on home and office

adults. The fact that higher BP levels were seen for higher sedentary levels is in line with

blood pressure measures in outpatient memory clinic patients

the proposed acute mechanism that SB causes increased peripheral resistance which

Home SBP

Office SBP

Home DBP

Office DBP

Sitting time (hours/ Model 1
day)
Model 2

4.5 (1.6;7.4)

1.7 (-3.4;6.8)

2.1 (0.2;3.9)

0.3 (-2.4;3.0)

Prolonged bout
(count)

Model 1

7.4 (4.1;10.7)

Model 2

6.8 (3.2;10.4)

Step count
(1000 steps/day)

Model 1

-2.2 (-3.5;-1.0)

Model 2

-2.1 (-3.8;-0.4)

MVPA (minutes/
day)

Model 1

-0.26 (-0.41;-0.10)

-0.06 (-0.33;0.22) -0.12 (-0.22;-0.02) -0.03 (-0.18;0.11)

Model 2

-0.24 (-0.44;-0.04)

-0.14 (-0.27;-0.01)

4.0 (0.8;7.3)

2.1 (-0.1;4.2)
6.6 (0.5;12.7)

3.1 (0.8;5.4)

-1.0 (-1.8;-0.2)

time accumulated in prolonged bouts might have more detrimental health effects
compared to total sitting time.6 The even stronger association of prolonged sedentary

1.5 (1.9;4.9)

3.0 (0.5;5.5)
-0.4 (-2.7;1.9)

drives an increase in BP in the short-term.7,8 The current hypothesis states that sitting

bouts with SBP could be a reflection of this phenomenon. Combining the knowledge
of these acute effects of SB with the current observation that this relationship is also

-0.3 (-1.5;0.9)

-1.3 (-2.3;-0.2)

Estimates are shown with 95% confidence interval. Model 1 was corrected for age, sex, and education. Model 2
shows the effect on the home SBP/DBP values additionally corrected for BMI, and vascular comorbidity score
with N=39 due to two missing values on BMI. MVPA = moderate-to-vigorous physical activity, SBP = systolic
blood pressure, DBP = diastolic blood pressure.

found in a cross-sectional analysis over an individual week-average, might indicate
that these acute effects have chronic implications as well.
Our primary analysis consisted of mean-week activity pattern and BP values to increase
the validity of these measurements. Despite the fact that no significant associations
remained in our secondary multi-level analysis, we believe that especially for SBP this
could mainly be caused by a lack of power. Beside the fact that this might indicate the
presence of within-subject correlations, it also shows that the effect sizes found in
our main regression analysis might be an overestimation. In a meta-analysis, Lee and

8

Table 8.3 Adjusted unstandardized multi-level regression estimates between time-varying daily activity

Wong found a pooled effect of 0.06 mmHg increase in SBP and a 0.20 mmHg increase

patterns on daily evening home blood pressure measures in outpatient memory clinic patients.

in DBP for each additional hour of SB.21 Even though our multi-level analysis has its

Home evening SBP

Home evening DBP

Sitting time (hours/day)

0.7 (-0.4;1.9)

0.3 (-0.3;1.0)

Prolonged bout count

0.7 (-0.2;1.7)

0.3 (-0.2;0.8)

Step count (1000 steps/day)

-0.7 (-1.8;0.4)

-0.1 (-0.7;0.5)

from the meta-analysis. However, that meta-analysis included studies with much

MVPA (minutes/day)

-0.04 (-0.11;0.03)

-0.01 (-0.05;0.03)

younger age groups, which also may explain this smaller effect size. Nevertheless, the

Estimates are shown with 95%CI, multi-level model with random intercept was corrected for age, sex,
education, and individual week-mean values. Abbreviations: MVPA = moderate-to-vigorous physical activity,
SBP = systolic blood pressure, DBP = diastolic blood pressure. N=39 due to two measures with insufficient
overlap in daily activity and blood pressure measurements

limitations due to the use of daily values instead of the more valid week-averages, the
effect sizes found in our multi-level analysis seem to be more in line with the results

effect sizes found in our main regression analysis should be interpreted with caution.
In addition to the strong link between SB and BP, associations were found between
higher mean step count and MVPA with lower mean BP. Exercise is known to have
downregulating effects on BP,22 but given our observations, even increasing step count
might be beneficial. The cross-sectional nature of these observations carries the risk
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of confounding, despite the correction for VCS and BMI. However, considering the

Overall, these results indicate associations between more prolonged sedentary bouts

established acute effects of SB on BP, it could be true that health benefits might be

and lower step counts with higher BP levels. The fact that high BP is a risk factor

gained by targeting step count and prolonged sedentary bouts. This would create a

for cognitive decline,2 and that antihypertensive drugs carry risks of adverse effects

larger window of opportunity in relation to feasibility, to change behaviour accordingly

in older adults,3 highlight the clinical relevance for these measures as secondary

in older adults. Increasing step count, compared to MVPA, and reducing prolonged

prevention targets in BP control. This would particularly be beneficial for older adults

sedentary bouts, in contrast to total sitting time, both come with less practical obstacles

with memory complaints for whom the hesitation of prescribing antihypertensive drugs

to perform. This is particularly the case in the older adult population with memory

and the practical obstacles of increasing exercise are even more pronounced. Research

complaints that was of interest here. MVPA might counteract the negative effects of

enabling causal claims on these associations is therefore needed to investigate the

SB, as was seen for some other health effects in previous research.

However in a

true effect size and make specific recommendations on these safe targets. In that

group that might have physical difficulties in increasing MVPA, reducing SB can still be

way, reducing SB and increasing activity levels might be used, when contra-indications

a very feasible objective to gain improvements.

are present for antihypertensive drugs, to control BP and potentially delay cognitive

23

decline.
The associations between the activity pattern variables and BP were only observed for
the home BP and not for the office BP. Previous literature already indicated reduced
accuracy of office BP measures, especially in memory clinic patients.11 White-coat
and masked hypertension distort the real BP values,4 making an existing association
weaker or even disappear. Therefore, our results stress the importance, especially in a
research setting in older subjects with cognitive impairment, to include HBPM or 24hour ambulatory BP monitoring instead of office BP measures.
A major strength of this study is the assessment of exposure and outcome. The HBPM
are more valid compared to singular office BP measurements. Additionally, objective
assessment of the activity patterns is preferred above the self-reported assessment
of SB.24 Limitations of this study are foremost related to the cross-sectional nature
of the research. Although reverse causation is not likely to be in play here because
8

hypertension per se is asymptomatic, confounding could be caused by SB and

8

hypertension sharing a common cause. Despite proper confounder correction, it is
therefore not possible to make causal claims based on these associations. As our
secondary multi-level analysis might have suffered from a lack of power, future
research should investigate this further by studying, both in the short- and long-term,
the within individual longitudinal associations between changes in SB and changes in
BP. This would also provide information on the true effect size of SB on BP. Additionally,
it should be mentioned that the research sample used here is not representative
for the whole group of outpatient memory clinic patients as a selection was made
based on capability to perform in the study. Caution should therefore be taken when
generalising the results to a broader population. Furthermore, future studies including
a larger sample size are warranted to stratify by type of cognitive impairment.
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role of BPV in cognitive decline is less well studied. In Chapter 4 we studied the crosssectional association between day-to-day BPV and cerebral small vessel disease

Although blood pressure (BP) has been recognized as the most important modifiable

(cSVD) burden. In 82 older adults visiting the memory clinic, we rated the cerebral

risk factor for the development of Alzheimer’s disease (AD), its role once AD is

MRI for the presence of white matter hyperintensities, cerebral microbleeds, lacunes

diagnosed is much more unclear. More knowledge on this would help clinical

and enlarged perivascular spaces in the basal ganglia and summed these into the

advice on BP management in this large group, but may also help to predict disease

total cerebral small vessel disease score. All participants performed 1 week of home

progression and to identify potential treatment targets. Therefore, the overall aim of

BP measurements. We found that systolic BPV was associated with total cSVD score,

this thesis was to obtain better understanding of the role of BP in older people with

while mean systolic BP was not. This finding indicates that BPV might indeed be a

cognitive impairment or with a clinical diagnosis of AD. The key findings of this thesis

factor in the pathophysiology that links BP to cognitive decline.

are presented in Box 9.1.
In Chapter 5 we assessed whether BPV from visit-to-visit and from day-to-day was
One of the concerns around BP management in people with AD is that lowering BP is

associated with cognitive and functional decline in clinical AD. In 460 older adults

detrimental, because this would hamper cerebral blood flow (CBF). Preclinical evidence

with AD, visit-to-visit BPV was determined using 3 to 8 office BP measurements. After

has suggested that regulation of CBF is disturbed in AD. In Chapter 2 we assessed

1 and 1.5 years, participants in the highest quartile of BPV had deteriorated more on

whether cerebral autoregulation and baroreflex sensitivity, two key mechanisms in

the cognitive test battery compared with patients in the lowest quartile. There was

maintaining CBF, are impaired in AD. We studied 53 older adults with AD, 37 patients

no association between BPV and change in daily functioning. Day-to-day BPV was

with mild cognitive impairment (MCI) and 47 controls. Beat-to-beat BP, heart rate and

assessed in a subsample of 46 participants. We observed associations between day-

CBF velocity were measured in rest and during repeated orthostatic challenges. We

to-day BPV and progression of both cognitive and functional decline, after 1 year, but

observed no differences in cerebral autoregulation during rest. During the challenges,

not after 1.5 years. In conclusion, this analysis suggests that higher visit-to-visit and

results indicated better cerebral autoregulation in AD and MCI, compared to controls.

day-to-day BPV are associated with progression of AD. BPV may be a future target to

Baroreflex sensitivity measures did not differ between groups. We concluded that the

slow decline in this group.

key mechanisms to control BP and CBF are not reduced in AD, neither in rest nor
during challenges.

Another dynamical aspect of BP that might be involved in progression of AD is the BP
response after standing. This was investigated in Chapter 6. We measured the beat-to-

9

Another concern is that people with dementia are more prone to side effects of BP

beat response of BP upon active standing in 55 participants. We assessed the relation

lowering medication. The aim of Chapter 3 was to assess whether antihypertensive

between a large drop upon standing (≥15% of sitting BP) or impaired recovery after 1

treatment in people with AD increased the prevalence of orthostatic hypotension (OH).

minute (<100% of sitting BP) and change in cognition and all-cause mortality. Impaired

477 older adults with mild-to-moderate clinical AD were randomized to the calcium-

BP recovery was associated with more cognitive decline after 1.5 years. During a

channel blocker nilvadipine or placebo for 1.5 years. The presence of OH (measured

median follow-up time of 49 months, 20 participants died. Impaired BP recovery was

using intermittent BP measurements taken during research visits) and related adverse

associated with increased mortality. The initial BP drop was not associated with study

events (dizziness, syncope, falls and fractures) was determined at 7 visits. Treatment

outcomes. We concluded that failure to fully recover BP within 1-minute after standing

with nilvadipine lowered resting BP as expected. We found no differences between

is associated with cognitive decline and mortality in AD. BP recovery can be regarded

the intervention and placebo group in the prevalence of OH and OH-related adverse.

as an easily obtained marker of progression rate of AD.

These findings suggest that initiation of antihypertensive treatment with a single drug
in a low dose does not increase the risk of OH in older adults with clinical AD.

In the previous chapters the detailed monitoring of BP was used to assess the dynamics
of this parameter. Repeated measurements can also be used to obtain a reliable estimate

Emerging evidence indicates that not only mean BP, but also the amount of BP

of the mean. The possible added value of this over a single office measurement in

variability (BPV) contains prognostic significance for cardiovascular outcomes. The

older adults with cognitive impairment is still unknown. In Chapter 7 we added to this
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GENERAL DISCUSSION

on office and home BP. In 213 older adults visiting the memory clinic, we determined
whether they would be classified as hypertensive based on office BP and repeated

This general discussion consists of a reflection on the main findings of this thesis, in

home BP. In 31%, there was disagreement between office and home hypertension

the context of existing literature and with respect to clinical implications. In order

diagnosis. This proportion was higher for people diagnosed with MCI (39%) and

to value this reflection, it is important to first consider to what extent the results of

dementia (35%) compared to people with no evidence of a neurodegenerative disease

our work apply to other populations. Therefore, this discussion starts with discussing

(18%). Therefore, to avoid the risk of making improper treatment decisions in people

the generalizability as well as some methodological considerations. Finally, future

with cognitive impairment, a diagnosis of hypertension or normotension should not

perspectives and recommendations will be discussed.

be based on office BP measurements.
GENERALISABILITY
In Chapter 8 we also investigated the subject of single office and repeated home BP.

Study results need to be generalizable to a broader and relevant group of patients or

The aim of this study was to evaluate the association between activity patterns and

populations in order to be clinically useful. In other words, the question “to whom do

BP in memory clinic patients. In 41 older adults we measured activity with a 24-hour

the results of this study apply” should be answered.1 In randomized controlled trials

accelerometer worn on the thigh. BP was measured in the clinic and for 1 week at

(RCTs), the generalisability is often threatened by the selection bias at recruitment.

home. Less favorable activity patterns, including high sitting time and low step count,

For RCTs in people with AD, this is even more an issue, since successful recruitment

were associated with higher mean home BP. There were no associations with office

of people with AD is often challenging.2 There frequently is an over-representation

BP. These findings indicate that reducing sitting time and increasing step counts might

of highly educated participants and generally participants tend to be younger.3 Also,

be safe and feasible targets to lower BP in older adults with memory complaints and

inclusion criteria of trials are often defined in a way that maximizes the likelihood of

again highlight the importance of estimating mean BP using a more reliable method

demonstrating a difference between drug and placebo. This often results in exclusion

than office BP.

of AD patients that have co-morbidities or use co-medication.
The Nilvad trial, the backbone of several chapters in this thesis, tried to include a broad

Box 9.1 Key findings of this thesis
•
•
•
•
9

•
•
•
•

Cerebral autoregulation and baroreflex sensitivity, two key mechanisms involved in short-term
regulation of cerebral blood flow, are not impaired in Alzheimer’s disease (Chapter 2)
Initiation of low dose of antihypertensive treatment lowers resting blood pressure as expected,
but does not increase the risk of orthostatic hypotension in Alzheimer’s disease (Chapter 3)
Day-to-day systolic blood pressure variability, measured for 1 week at home, is associated with
total cerebral small vessel disease burden in older adults visiting the memory clinic (Chapter 4)
Visit-to-visit blood pressure variability, measured at 8 occasions within 1.5 years, is associated
with cognitive, but not functional, decline in Alzheimer’s disease (Chapter 5)
Day-to-day blood pressure variability, measured for 1 week at home, is associated with 1-year
cognitive and functional decline in Alzheimer’s disease (Chapter 5)
Impaired blood pressure recovery within 1-minute after standing is associated with cognitive
decline and all-cause mortality in Alzheimer’s disease (Chapter 6)
The diagnostic accuracy of office blood pressure, compared to home blood pressure, is lower in
memory clinic patients with mild cognitive impairment and dementia (Chapter 7)
Accelerometer-based activity patterns measured for 1 week at home are associated to mean
home blood pressure, but not to office blood pressure, in memory clinic patients (Chapter 8)

range of AD patients, by limiting the exclusion criteria. The mean age of the Nilvad
participants was 72 years, 62% were female and mean MMSE at baseline was 21 (out
of 30). Also, 60% had polypharmacy (using >5 medications) and the median number
of comorbidities was 3.4 These characteristics seem fairly representative for mild AD,
for example when compared to data from the Swedish Dementia Registry.5 However,
one of the criteria of the Nilvad trial (and of many AD trials) was that a participant, as
judged by the investigator, was expected to complete the 1.5 year duration of the trial.
This may have led to exclusion of older or truly frail people with AD. The relatively low
prevalence (9%) of orthostatic hypotension at baseline that was presented in Chapter
3, might be an indication of this bias towards healthier patients.
Participants of the Nilvad trial were not allowed to have hypotension (BP <100/65
mmHg) or severe hypertension (BP >159/99 mmHg) at screening. This was decided
for safety reasons, as nilvadipine is a BP lowering agent.6 As a consequence, the Nilvad
population does not merely consists of people with AD that would normally qualify
for antihypertensive treatment. This is important to take into consideration when
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interpreting the results of Chapter 3. However, it is also important to realize that these

important to keep in mind that these were studied in a selected sample that cannot

exclusion criteria were based on a single office BP measurement, manually performed

be extrapolated to all memory clinic populations, let alone to the primary care setting.

during the screening visit. As indicated in Chapter 7, these measurement have low

However, the questions we addressed in these chapters serve as hypothesis-generating

accuracy in older people with cognitive impairment. Moreover, of all 66 screening

research and provide the field with new starting points for follow-up studies. Moreover,

failures, only 9 were because screening BP was not within these limits.7

these were among the first studies that assessed home BP in older people with
cognitive complaints. When future studies are designed, the external validity should be

As also discussed in Chapter 1, the Nilvad trial included patients with probable AD,

taken into account and these studies should preferably be performed a representative

according to the McKhann criteria of 2011, and no biomarkers of amyloid or tau

study sample.

8

pathology were determined. While some may regard this as a limitation, it increases the
9

heterogeneity in the study sample and thereby also the generalisability to the clinical
AD population. This is especially relevant in Chapter 5 and Chapter 6, in which we

Table 9.1 Comparison of characteristics of memory clinic patients

studied clinical disease progression. Biomarkers are often not requested and available

Radboudumc
Included in study

Radboudumc
Not included in study

Gelre hospital in Zutphen*

in clinical practice, because they currently serve no benefit to the patient and come

Period

2014-2017

2014-2017

2004-2015

with considerable costs (PET-imaging) or are invasive (analysis of cerebrospinal fluid).

n

261

897

978

Many AD studies nowadays narrow their inclusion criteria and limit the study sample

Age

74 ± 9 years

75 ± 10 years

76 ± 8 years

Sex, female

42 %

53 %

54 %

Dementia

40%

59%

41%

in mechanistic or intervention studies that target this pathology, but it also raises

Mild cognitive impairment

31%

20%

20%

concerns about the applicability of the results of these studies in clinical practice. The

Office systolic BP

156 ± 23 mmHg

151 ± 23 mmHg

Unknown

Office diastolic BP

84 ± 11 mmHg

82 ± 11 mmHg

Unknown

to patients with pure AD pathology and no co-morbidites. This may be necessary

group of patients with AD in essence is heterogenous and studying only a selected

*

Data from the Gelre hospital Zutphen memory clinic database. Provided by dr P.E. Spies, geriatrician.

subgroup limits extrapolation.
In addition to the Nilvad study population, we studied a convenience sample of

METHODOLOGICAL CONSIDERATIONS

patients attending our memory clinic, who were able and willing to perform BP

Strenghts and limitations of the methodology used have been addressed in the

measurements at home. This likely resulted in selection bias, as for those with severe

discussion of each chapter separately, but some aspects deserve general attention

cognitive impairment and/or who had no assistance available, participation in this

and are discussed below.

study was too much of a burden. In addition, our aim that every eligible patient was

9

asked to participate, was not achieved. Due to high turnover in geriatric residents,

Post hoc analyses: pro’s and con’s

implementation of recruitment in the clinic was difficult. Patients that were not

Several chapters of this thesis are based on secondary, post hoc, analyses of the Nilvad

included in the study more often had a diagnosis of dementia, had a lower office

trial. We should be aware of the limitations that are inherent to this type of research.

BP and were more often female, compared to patients with home BP measurements

The available data was not primary collected to address the research questions. This

(see Table 9.1). Furthermore, the Radboudumc is an academic hospital, hampering

sometimes led to the use of a suboptimal study design, for example in Chapter 3

extrapolation to general memory clinics. To provide some insight into this, several

where nilvadipine was used as BP lowering agent, while the drug is currently not used

characterstics of a memory clinic in a community hospital near the Radboudumc are

in the Netherlands as BP lowering drug. Moreover, issues arise with multiplicity and the

also presented in Table 9.1. These patients were older and had less often a diagnosis

control of type I error (“false positive” finding). Therefore, the results of these studies

of dementia compared to the patients from the Radboudumc memory clinic, but were

cannot be used to draw definitive conclusions. There are also benefits of post hoc

equal when compared to our study population.

analyses and reusing clinical data, especially in older populations. Recruitment and
retention of older people for studies is difficult, and is even further hampered if it

Thus, when interpreting the results of the Radboudumc memory clinic project, it is
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comprises a population with cognitive impairment.10, 11 People with dementia often
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rely on their caregiver to support them, increasing the burden of participating in a

cohort. In these analyses, nilvadipine may have been a confounding factor, especially

study. This reduces the likelihood of setting up longitudinal studies to evaluate new

since calcium-channel blockers have been suggested as promising agents in lowering

hypotheses regarding BP management in people with dementia. Rather, reusing

blood pressure variability (BPV).14 The Nilvad trial showed that nilvadipine had no effect

existing data increases the gain from the time and effort that has already been invested

on cognitive and functional decline, which were the outcomes used in these chapters.

by participants, caregivers and researchers. It can lead to new insights beyond the

Moreover, we observed no differences in BPV between the intervention and control

original scope of the study, that would otherwise not have come to light. With many

group and we added the intervention as a prognostic factor in all analyses. Therefore,

negative results of AD trials available, there is a urgent necessity for the field to study

the likelihood of confounding by the intervention is low.

new hypotheses, which may most pragmatically start in data that has already been
collected. This has the potential to most efficiently and quickly improve the scientific
as well as the societal impact of research.
Attrition
Attrition bias may occur when certain disease or treatment related characteristics are
associated with study drop-out and can influence study results. Compared to other AD

Box 9.2 Retention of people with dementia in a clinical trial: lessons learned
The Radboudumc recruited 58 older adults with AD and their caregiver for participation in the Nilvad
trial. None of the patients were lost to follow-up, which is unique given the characteristics of the
study population. Based on our experiences, several recommendations can be given that I believe
helped to keep participants in the study. Some of these recommendations also served as input for the
development of the “Leidraad voor medisch-wetenschappelijk onderzoek bij ouderen.”15

trials, the Nilvad study had very few drop-outs, with a retention rate of approximately
87% compared to an average retention of 77% in mild-to-moderate AD trials.2 Only a
small proportion of the study population did not complete the follow-up assessments
and distortion of the findings by attrition bias is therefore expected to be low. However,
it is important to realize that patients that drop-out from an AD trial are probably
patients with more severe disease progression or who are more frail. Indeed, analysis

It is vital to invest in the relation between the researcher(s) and the patient and caregiver. Try to
minimize the number of researchers that the patient is involved with and try to appoint the same
researcher to the same patient whenever possible. A regularly sent newsletter with study updates and
pictures of study staff can also help to involve patients and caregiver. Take your time during study
visits. Realize that a participant might have different expectations from a visit to the study site than
a researcher. They might have questions beyond the scope of the study. Listen to the needs of the
patient and caregiver and see if you can help them fulfulling these needs.

from the Nilvad trial indicated that baseline frailty score was a predictor for study
withdrawal (data not yet published). At the study site in the Radboudumc we recruited
58 patients and had no loss to follow-up over the 1.5-years (see Box 9.2).
Intervention with nilvadipine
In Chapter 3, we regarded nilvadipine as a BP lowering agent. While nilvadipine,

Another key aspect is flexibility. This starts with the design of the study. Consider to present parts of the
study protocol as sub-studies, that are optional. If you notice that the study puts a lot of burden on the
patient and caregiver evaluate this with them and consider to skip parts of the protocol that are less
important. Missing data on the secondary outcomes is still preferable over complete study drop-out.
Flexibility also applies to the logistics of study appointments. Offer to visit the patient and caregiver
at home, if the study protocol allows this, to minimize their burden from traveling to the hospital. Put
their agenda at the top and adapt your own agenda to this when scheduling appointments.

a calcium-channel blocker, lowered BP by approximately 8/4 mmHg in both
normotensive and hypertensive participants, it is important to realize that lowering BP
was not the purpose of the intervention in this trial. The dosage of 8 mg of nilvadipine
9

has comparable antihypertensive properties as 5 mg of amlodipine, another calcium-

Determining blood pressure variability

channel blocker.12 Since the usual prescription dose of amlodipine is 10 mg, the

While research into BPV has substantially increased since the publication of a series of

intervention with nilvadipine can be regarded as a low dose of antihypertensive

papers by dr. Rothwell in 2010 in the Lancet, there is no consensus and there is large

treatment. Thus, while the intervention cannot be regarded as a standard

diversity in the measurement schedule used and the BPV parameters applied.16, 17 For

antihypertensive treatment it does fit within the ‘start low and go slow’ approach to

example, in assessing day-to-day BPV, 1-5 BP readings per occasion and a schedule

medication prescribing in older adults. Whether this result can be extrapolated to a

ranging from 2-26 days have been reported.18 In our studies on day-to-day BPV, we

low dosage of antihypertensive drugs in general, should be investigated.

adhered to the advised measurement schedule for the estimation of mean home

13

9

BP.19. That is, 7 days, twice in the morning and twice in the evening and removing the
In Chapter 5 and Chapter 6, we studied the Nilvad dataset as if it was an observational
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measurements of the first day. This results in a maximum of 12 readings. However,
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the number of measurements needed to obtain a reliable estimate of BPV remains

predicts cognitive decline in AD as well as the conversion from MCI to dementia.23, 24

unknown. In unpublished data we investigated the effect of reducing the number of

While the causality of this association is still under debate, it highlights the importance of

home BP measurements on BPV, in a set of patients with no missing data. We observed

maintaining CBF and preventing a further reduction of CBF in these patients. Preclinical

that when 8 or more measurements were used, the BPV parameters were largely

evidence of impaired regulatory mechanisms of CBF in cognitive impairment have led

unaffected. However, when 7 or less measurements were used, the BPV parameters

to the believe that patients with cognitive impairment may benefit from a higher BP

tended to decrease. This justifies the cut-offs that we used in Chapter 4 and Chapter 5.

to ensure sufficient perfusion of the brain.25 Observational evidence supporting this
hypothesis was provided in the work by Mossello and colleagues.26 In this study a low

In addition, there is currently no information on the optimal timing and interval of

BP (measured out-of-office) was associated with greater cognitive decline in a memory

BP measurements to obtain a reproducible estimate of visit-to-visit BPV.

There

clinic population. The “DANTE study” tested the hypothesis that discontinuation of

have been studies using only 2 regular office BP measurement to calculate within-

BP lowering treatment in older hypertensive adults with mild cognitive impairment

individual BPV. Recently, a study suggested that a minimum of 6 measurements

would increase BP and thereby improve cognitive function.27 BP indeed increased

was required to obtain BPV that was predictive for cardiovascular risk.21 In Chapter

after discontinuation of antihypertensive treatment, but there was no cognitive benefit

5 we used a minimum of 3 and maximum of 8 BP measurements, with 92% of the

during the trial period of 4 months. This might be due to the inclusion of relatively fit

patients having 6 measurements or more. In summary, while there remain gaps in

and healthy older people and the very short period of intervention, but it might also be

knowledge on the optimal methodology for BPV, our studies used a sufficient amount

that the underlying assumption of impaired regulation of CBF is incorrect. Indeed, in

of BP measurements. However, the current lack of standardization complicates the

Chapter 2 we found that cerebral autoregulation (CA) and baroreflex sensitivity (BRS)

interpretation and comparison of findings among studies. It is likely that this area

were not altered in people with mild stage AD compared to healthy aging. While this

of research will develop in the coming years and that this involves a standardized

implies that a change in BP level would not affect CBF, complementary trial evidence

approach regarding the assessment of BPV. This is needed to move the field forward

is required if concerns regarding BP lowering should be eased. BP lowering trials have

from a research concept towards a construct that can be used in clinical practice.

generally recruited healthy participants, with a low level of co-morbidity, and older

20

people with cognitive impairment have been largely underrepresented in previous

9

RESEARCH IN CONTEXT

RCTs. Two trials in older adults have indicated that intensive BP lowering does not

The regulation and management of BP in relation to cognitive decline and dementia

reduce CBF in older adults with hypertension and small vessel disease, but no clinical

is subject to a complex discussion. Normal regulation of BP is necessary for adequate

trial today had included people with dementia to study the effect of BP lowering on

organ perfusion. Of all organs, the brain is most dependent on adequate perfusion, and

CBF.28, 29 The Nilvad CBF-substudy provided the first proof-of-principle evidence that

therefore perfusion pressure, due to its limited nutritional reserve. Where in younger

BP lowering in AD does not compromise CBF. In this substudy we showed that 6

and healthier populations, the benefits and risks of antihypertensive treatment and

months treatment with nilvadipine lowered systolic BP with ±11 mmHg, but was not

optimal treatment targets are either well established or under extensive investigation,

accompanied by a reduction in global CBF, measured with MRI arterial spin labeling.30

clinicians stand for a challenge with respect to advices in the older population and in

Together with the results of Chapter 2, this suggests that antihypertensive treatment

particular in those with or at risk of cognitive impairment. In this section, I will reflect

in dementia does not jeopardize CBF.

9

on the findings presented in this thesis and discuss how they are related to each other
and to the body of evidence available and what their clinical implications are.

Another concern regarding BP lowering in older people is that, in the presence of
vascular damage, autonomic dysfunction and reduced cardiac function, orthostatic

Blood pressure control in dementia

hypotension (OH) will develop.31 This may directly lead to adverse events, such as fainting

Higher BP during mid-life increases the risk for late-life cognitive impairment, but the

or falling, but can also lead to repeated periods of cerebral hypoperfusion. Even in the

role of BP later in life and in the presence of cognitive impairment is unclear. Lower

presence of normal CA and BRS, a rapid drop in BP (as experienced upon standing) will

cerebral blood flow (CBF) is a common hallmark in AD and cognitive impairment and

always affect CBF. Given that a change in posture from sitting to standing is a common

yields prognostic value. For example, observational studies have indicated that low CBF

daily activity (the average adults stands around 60 times per day32), OH can lead to

22
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discomfort and danger to the patient. The assumption that antihypertensive treatment

Relevance of blood pressure variability and instability

causes OH has been mainly based on observational studies and is not supported by

The common hypothesis of hypertension is that all of us have a ‘usual blood pressure’

evidence from previous clinical trials in older people.

However, these trials were

that cannot be measured with total precision, but which is the most important

conducted in relatively fit older people and excluded those with cognitive impairment

component of BP and the main determinant of our vascular risk.16 However, BP is

and dementia. In Chapter 3 we added to this evidence by showing that BP lowering

not a static phenomenon and fluctuates dynamically over time, influenced by internal

with nilvadipine was not associated with OH or related clinical outcomes, in the Nilvad

and external factors. Several mechanisms are in place that help to regulate BP

population comprising people with mild AD. As discussed in the methodological

and maintain relatively stable BP levels required for organ perfusion, despite these

considerations, we cannot be certain that this absence of an effect can be translated

constant influences. Aging is associated with alterations in the regulatory mechanisms

to other types of antihypertensive drugs. Of note, result might differ in very frail older

of the body.39 In the case of BP regulation, aging can result in larger fluctuations in

persons, for example in those with advanced staged dementia.

BP and a person’s ability to adapt to these BP fluctuations will reduce.40 Examples

33, 34

35

36

of this are impaired recovery of BP following a large drop induced by standing or
Taken together, the findings of Chapter 2, the Nilvad CBF-substudy and Chapter 3

increased BPV during rest. In Chapters 4-6 we showed that higher BP variability and

suggest that antihypertensive treatment in people with dementia might not have to

instability were associated with adverse health outcomes, such as small vessel disease

be withheld because of concerns about cerebral hypoperfusion and adverse events.

and progression of AD. One of the common hypotheses linking BP dysregulation to

However, first, reliable BP measurements should be obtained. In younger and healthy

cognitive decline runs via cerebral hypoperfusion.41 That is, swings in BP will result

older populations evidence is increasing that out-of-office BP measurement are

in periods with low BP and during these periods CBF will be low. However, this

favorable over office measurements. In Chapter 7 and Chapter 8 we add to this by

hypothesis assumes impairments in the regulation of CBF, that were not confirmed

showing that home BP measurements also seem more reliable compared to office BP in

in Chapter 2. It rather seems that the pathophysiology linking BPV to small vessel

a population with cognitive impairment. In Chapter 7, we observed a higher prevalence

disease and cognitive impairment is much more complex. A high degree of variability

of masked and white-coat hypertension in those with cognitive impairment. The exact

in pressure puts mechanical stress on vessel walls, leading to arterial remodeling and

prognostic role of these constructs is unknown, but it emphasizes the importance

arterial stiffness.42, 43 As a result, swings in perfusion pressure will be less dampened

of valid BP measurements as especially in this vulnerable group treatment decisions

by the large arteries, leading to high pulsatility in the cerebral microvasculature.44 This

made based on unreliable BP measurements should be prevented.

may cause damage to the small cerebral vessels, with endothelial dysfunction, loss of

37

BBB integrity, inflammation and hypoxia as a consequence.45 However, it is also not
Moreover, there are several other aspects concerning antihypertensive treatment in

unlikely that the underlying neurodegenerative disease affects brain areas involved

dementia that were not addressed in this thesis, including the beneficial effects in

in BP control, and as such increase BP dysregulation. The results of these chapters

this population. Therefore, the full benefit-risk ratio of antihypertensive treatment in

emphasize the relevance of setting up intervention studies to clarify the cause-effect

individuals with dementia remains unknown. Whether a reduction in cardiovascular

relation between BPV and cognitive decline.

or cerebrovascular events following better BP control increases quality of life and
9

postpones disabilities in people with dementia, should be investigated. In addition, it

Current guidelines on BP management focus on the reduction of BP in the light of the

is unclear what the optimal BP target and timing of treatment in older people should

‘usual BP hypothesis’. The increasing amount of evidence on the role of BPV suggest

be. Furthermore, the preferences of people with dementia regarding antihypertensive

that standard assessment of mean BP might not be sufficient to evaluate cardiovascular

treatment should be assessed. Overall, the full benefit-risk ratio of antihypertensives

risk. However, it should also be recognized that more evidence on the role of BPV

treatment in dementia should be established and individualized BP management,

is needed before it should be taken into account in BP management guidelines or

guided by patients’ characteristics and preferences, is advised. Considering the large

clinical practice. This should include studies investigating whether it is possible to

heterogeneity observed in aging and in dementia, defining personalized tailored BP

stabilize BPV, on the differential effects of commonly used antihypertensive drugs on

management based on characteristics, medical history and vascular damage, and

BPV, and how these all affect cerebrovascular health and cognitive decline. Currently,

hemodynamic status might be the most promising strategy.

some studies are being performed addressing the first two questions.46

38
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Resilience of the vascular system as marker of disease progression

value of BP variability and instability for cognitive decline. Moreover, the possibility

Alongside speculating about the possible mechanisms and causal relations linking

and clinical implications of stabilizing high BPV should be studied. Recommendations

BP dysregulation with adverse clinical outcomes, it is clinically relevant to view these

that follow from the work of this thesis are summarized in Box 9.3. Future studies are

results in the light of physical resilience. In geriatric medicine, there is shift in focus

warranted to eventually offer evidence-based management of BP, tailored to people

from using static measurements under basal conditions to quantify an physiological

with cognitive impairment and dementia. This includes elucidating the full benefit-

system, towards recognizing that these systems are highly dynamical and can only

risk ratio of antihypertensive treatment and individualized treatment targets, taking

be monitored adequately by time series.47, 48 By closely measuring a person’s ability to

into account the large cognitive and functional heterogeneity among individuals with

recover following a stressor to the system we can estimate its resilience.

This can

dementia. In a broader context, this will contribute to optimize the clinical care for

for example be achieved by a stimulus-response test or by studying natural bodily

people with mild and moderate dementia and can provide strategies for prevention of

fluctuations. Orthsotatic BP recovery is an example of a stimulus-response test that

further cognitive decline.

49

might be used in clinical care to identify patients with dementia at risk for faster
cognitive and functional decline. A high BPV during rest can be regarded as reduced
resilience as well.

Box 9.3 Take home messages for clinical practice
•

Progression of dementia is known to be very heterogenous and identifying factors
that are associated with faster progression can help clinical decision making and
inform patients and their families.50 Being able to estimate if someone with dementia

•

will progress quickly or slowly can guide advance care decisions and may result
in individualized decision on the management of this person’s living conditions
and comorbidities.51 Future studies are warranted to better define and validate
measurements of resilience of the vascular system and to study the added value for
predicting health outcomes on the individual level. For example, currently our group

•
•

Concerns regarding cerebral hypoperfusion and orthostatic hypotension do not have to hinder the
start of a low dose of antihypertensive treatment in an individual with mild dementia. However, the
benefits of treatment in this specific group are not yet well studied.
Realize that a single blood pressure measurement in the office yields low value, especially in an
individual with cognitive impairment or dementia, because of white-coat or masked hypertension
and blood pressure variability.
Consider repeated blood pressure measurements at home in an older person with cognitive
impairment if hypertension is suspected and a reliable estimate of blood pressure is warranted.
The progression of dementia is very heterogenous and determining resilience of an older person
might provide grip on the expected progression. Repeated blood pressure measurements and
orthostatic challenge tests might be used to determine resilience of the vascular system.

is investigating the potential of the orthostatic challenge test in predicting outcomes
after surgery in older people.
FUTURE DIRECTIONS
The work presented in this thesis illustrates that several dynamic aspects of BP
are relevant in assessing the complex relation between BP, brain damage and
cognitive impairment in aging. These aspects may eventually guide optimization of
9

BP management in people with cognitive impairment. Adequate assessment of BP

9

is necessary for diagnosis and management of hypertension. The reliability of BP
measurement in the clinician’s office has widely been called into question and repeated
BP measurements out-of-office provide more reliable estimates of BP. This thesis
studied these repeated out-of-office measurements, but the feasibility and value of
implementing such measurements in standard clinical care for people with cognitive
impairment and dementia should be investigated in future studies. Findings of this
thesis suggest a role for BP variability and instability in cognitive decline and dementia.
This calls for future studies establishing the optimal methodology and prognostic
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INTRODUCTIE

In dit proefschrift staat de rol van bloeddruk bij cognitieve klachten en dementie

Dementie is een multifactorieel klinisch syndroom. Het is de overkoepelende term

centraal. Daarbij erkennen we dat bloeddruk geen statisch fenomeen is, maar juist

voor een grote verscheidenheid aan symptomen, die samengevat kunnen worden in

een dynamische parameter, die wellicht niet goed met één simpele meting te schatten

achteruitgang van geheugen, denkvermogen, dagelijks functioneren en verandering

is. De vragen die in dit proefschrift worden beantwoord kunnen bijdragen aan het

van gedrag. De ziekte van Alzheimer is de meest voorkomende vorm van dementie. Er

formuleren van een klinisch advies rondom cardiovasculair risicomanagement in

bestaat op dit moment geen medicijn dat dementie geneest. Om die reden wordt er niet

ouderen met dementie. Daarnaast biedt dit werk aanknopingspunten voor interventies

alleen veel onderzoek gedaan naar oorzaken en mogelijke behandelingen, maar ook

om cognitieve achteruitgang te vertragen. De 7 hoofdstukken van dit proefschrift

naar manieren om dementie en achteruitgang in cognitie te voorkomen of vertragen.

worden hieronder samengevat.

Geschat wordt dat 30% van de het aantal gevallen van dementie toe te schrijven is aan
risicofactoren die we kunnen aanpakken, zoals roken, fysieke inactiviteit, overgewicht

H2: REGULATIE VAN HERSENDOORBLOEDING BIJ DE ZIEKTE VAN ALZHEIMER

en een te hoge bloeddruk.

Hersendoorbloeding is verlaagd bij de ziekte van Alzheimer en is gerelateerd aan
de snelheid van cognitieve achteruitgang. Een vaak genoemd bezwaar rondom

Gezonde bloedvaten zijn belangrijk voor gezonde organen, omdat onze bloedvaten

bloeddrukbehandeling in ouderen met dementie is dat een verlaging van de

alle organen van zuurstof en voedingsstoffen voorzien. Bij een te hoge bloeddruk

bloeddruk onwenselijk is, omdat dit de hersendoorbloeding nog verder zou verlagen.

staan de bloedvaten onder druk en kan er op termijn schade aan de bloedvaten en de

Deze gedachte impliceert dat de mechanismes die de hersendoorbloeding stabiel

organen ontstaan. De hersenen zijn hier extra gevoelig voor, omdat zij veel energie

moeten houden ook zijn aangedaan bij de ziekte van Alzheimer. Eerder onderzoek, in

nodig hebben en geen energie kunnen opslaan om later te gebruiken. Wanneer iemand

diermodellen of kleine groepen patienten, heeft dit inderdaad gesuggereerd, maar een

van middelbare leeftijd een te hoge bloeddruk heeft, weten we dat dit een grotere

grote studie met gedetailleerde metingen ontbrak nog.

kans geeft op het krijgen van dementie op latere leeftijd. Onder andere daarom vinden
we het belangrijk om een te hoge bloeddruk van iemand van middelbare leeftijd te

In

verlagen. Leefstijladviezen zijn de eerste strategie om bloeddruk te verlagen. Vaak

mechanismes die de hersendoorbloeding stabiel moeten houden, verstoord zijn in

hoofdstuk 2 hebben we daarom gekeken of de twee belangrijkste regulatie-

wordt dit echter aangevuld met bloeddrukverlagende medicatie.

een grote groep ouderen met de ziekte van Alzheimer. Deze twee mechanismes
zijn cerebrale autoregulatie en baroreflex sensitiviteit. Cerebrale autoregulatie is

Maar bij mensen die ouder zijn en al cognitieve klachten of dementie hebben, zijn

een mechanisme in de hersenen, het zorgt voor het verwijden of vernauwen van de

de effecten van de bloeddruk op de hersenen veel minder goed bekend. En dat is

bloedvaten in de hersenen om bij een wisselende bloeddruk de hersendoorbloeding

opvallend, want een te hoge bloeddruk komt bij ongeveer 45% van de ouderen met

gelijk te houden. De baroreflex is een regelsysteem van het lichaam dat plotselinge

dementie voor. Een verlaagde doorbloeding van de hersenen is een kenmerk bij

veranderingen in bloeddruk detecteert en deze snel corrigeert door onder andere de

dementie. Om die reden wordt soms aangenomen dat mensen met dementie profijt

hartslag te beïnvloeden.

hebben van een hogere bloeddruk. En dat zij risico lopen op negatieve effecten bij een

10

lage bloeddruk of bij het gebruik van bloeddrukverlagende medicatie. Het is echter

Om deze twee mechanismes te onderzoeken hebben we bij 53 ouderen met dementie,

nog onduidelijk of de regulatie van de bloeddruk en de hersendoorbloeding verstoord

37 ouderen met milde cognitieve klachten en 47 gezonde ouderen metingen gedaan.

is bij dementie en wat de rol van bloeddruk is bij het beloop van dementie. Eerdere

Bloeddruk, hartritme en hersendoorbloeding werden continue gemeten tijdens rust en

studies hebben meestal niet gekeken naar bloeddruk bij mensen die al cognitieve

tijdens het uitvoeren van herhaalde zit-sta oefeningen (om de 10 seconden wisselen

klachten hadden. En de studies die dit wel deden lieten tegenstrijdige resultaten zien:

van positie). Met verschillende methodes kwantificeerden we het functioneren van de

soms was een hoge bloeddruk geassocieerd met snellere cognitieve achteruitgang,

regulatiemechanismes. We zagen geen verschillen in cerebrale autoregulatie in rust.

maar soms juist een lage bloeddruk. Hierdoor ontbreekt er op dit moment een klinisch

Tijdens de oefeningen leek cerebrale autoregulatie zelfs iets beter te functioneren in

advies over optimaal bloeddrukmanagement bij ouderen met dementie of beginnende

de ouderen met dementie en milde cognitieve klachten, vergeleken met de gezonde

cognitieve klachten.

ouderen. Er waren geen verschillen in baroreflex sensitiviteit tussen de groepen.
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In tegenstelling tot de eerdere studies, die kleiner en minder gedetailleerd waren,

en de controlegroep in het voorkomen van orthostatische hypotensie. Ook daaraan

vonden we dus geen aanwijzingen dat cerebrale autoregulatie en baroreflex

gerelateerde uitkomsten zoals duizeligheid en vallen waren niet verschillend.

sensitiviteit minder goed functioneerden bij mensen met dementie of milde cognitieve
klachten als gevolg van de ziekte van Alzheimer. Hierdoor concludeerden we dat de

Deze bevinding leerde ons dat het starten met een lage dosis van een bloeddrukverlagend

belangrijkste mechanismes die de hersendoorbloeding reguleren niet verstoord zijn bij

middel niet leidt tot meer orthostatische hypotensie in mensen met de ziekte van

de ziekte van Alzheimer. Hoewel dit verder onderzoekt vraagt, is dit een aanwijzing dat

Alzheimer. Dit resultaat draagt bij aan het verduidelijken van de balans tussen voor- en

bloeddrukverlaging (bijvoorbeeld met bloeddrukverlagende medicatie) in deze groep

nadelen van bloeddrukbehandeling in een kwetsbare groep, door informatie te geven

mogelijk is zonder een afname in hersendoorbloeding.

over veiligheid.

H3: EFFECT VAN BLOEDDRUKVERLAGING OP ORTHOSTATISCHE HYPOTENSIE

H4: BLOEDDRUKVARIABILITEIT EN SCHADE AAN DE KLEINSTE HERSENVATEN

Ongeveer 45% van de ouderen met de ziekte van Alzheimer heeft een te hoge

Bloeddrukmanagement is gericht op het binnen bepaalde grenzen houden van de

bloeddruk. Een te hoge bloeddruk kan schade aan de organen veroorzaken en

gemiddelde bloeddruk om daarmee het risico op schade aan de organen te verkleinen.

vergroot het risico op hart- en vaatziekten. Een gezonde leefstijl kan een positief

Er komt de laatste jaren echter steeds meer bewijs dat niet alleen de gemiddelde

effect op de bloeddruk hebben, maar daarnaast wordt vaak bloeddrukverlagende

bloeddruk een belangrijke factor is, maar ook de mate waarin de bloeddruk varieert

medicatie voorgeschreven. Er is veel onderzoek gedaan naar de effecten van

over een bepaalde periode. Grotere variabiliteit in bloeddruk lijkt een groter risico te

bloeddrukverlagende behandeling. Maar in ouderen met dementie zijn zowel de voor-

geven op hart- en vaatziekten dan een meer stabiele bloeddruk. In een aantal studies

als nadelen van bloeddrukbehandeling niet goed bekend. De meeste onderzoeken

gaf bloeddrukvariabiliteit ook een groter risico op dementie. We weten nog niet

sloten mensen met cognitieve klachten namelijk uit van deelname. Daarom zijn er op

precies hoe bloeddrukvariabiliteit leidt tot een groter risico op dementie of cognitieve

dit moment geen richtlijnen waar artsen op terug kunnen vallen voor de behandeling

achteruitgang.

van een te hoge bloeddruk bij dementie.
Van een te hoge bloeddruk weten we dat deze onder andere leidt tot schade aan
Er wordt vaak aangenomen dat bloeddrukverlaging bij ouderen een groter risico geeft

de kleinste bloedvaatjes van de hersenen. Mensen met deze vasculaire hersenschade

op orthostatische hypotensie. Dat is een grote daling in bloeddruk bij het opstaan die

(“cerebral small vessel disease”) hebben een grotere risico op dementie. Ook

kan leiden tot klachten van duizeligheid en vallen. Mensen met dementie zouden hier

bloeddrukvariabiliteit lijkt in verband te kunnen worden gebracht met deze

mogelijk nog gevoeliger voor zijn. Het doel van het onderzoek in hoofdstuk 3 was te

hersenschade. Bloeddrukvariabiliteit kan echter op verschillende tijdsschalen gemeten

kijken naar het effect van behandeling met een bloeddrukverlagend middel op het

worden. Vaak wordt gebruik gemaakt van een lange periode, met metingen die om de

voorkomen van orthostatische hypotensie in ouderen met de ziekte van Alzheimer.

paar maanden plaatsvinden. Dit noemen we bezoek-tot-bezoek variatie. Door mensen
een bloeddrukmeter mee naar huis te geven en dagelijks metingen te laten doen kun

10

We maakten gebruik van een onderzoek waarin 477 ouderen met een klinische

je kijken naar bloeddrukvariabiliteit over een veel kortere periode: van dag-tot-dag.

diagnose van milde tot matige Alzheimer dementie willekeurig werden toegewezen

Eerdere studies hebben alleen gekeken naar bezoek-tot-bezoek bloeddrukvariabiliteit

naar behandeling met nilvadipine of een placebo, gedurende 1.5 jaar. Nilvadipine is

en hersenschade. Het doel van hoofdstuk 4 was te kijken naar het verband tussen

een bloeddrukverlagend middel uit de groep calcium-antagonisten. Op 7 verschillende

bloeddrukvariabiliteit van dag-tot-dag en schade aan de kleinste bloedvaten van de

momenten gedurende die 1.5 jaar deden we bloeddrukmetingen tijdens het zitten en 1

hersenen.

10

minuut na het opstaan. We vroegen ook aan deelnemers en hun mantelzorger of de
deelnemer in de weken daarvoor last had gehad van duizeligheid, flauwvallen, vallen of

Hiervoor beoordeelden we de MRI scans van 82 ouderen die gezien werden op de

zelfs botbreuken. In de groep die met nilvadipine was behandeld zagen we een daling

geheugenpolikliniek. We volgden hiervoor een vaak gebruikt protocol en scoorden de

in de bloeddruk tijdens het zitten, zoals we die zouden verwachten bij het starten van

scans op de aanwezigheid van 4 verschillende kenmerken van vasculaire hersenschade:

bloeddrukverlagende behandeling. We zagen geen verschillen tussen de behandelde

witte stofafwijkingen, microbloedingen, lacunes en verwijde perivasculaire ruimten.
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Alle deelnemers voerden gedurende 1 week thuis bloeddrukmetingen uit. We zagen

Van de 460 deelnemers hadden er 46 daarnaast ook thuis bloeddrukmetingen

dat hogere dag-tot-dag variatie in systolische bloeddruk (de bovendruk) geassocieerd

uitgevoerd, aan het begin van de 1.5 jaar. In deze groep bepaalden we de dag-tot-dag

was met een hogere vasculaire hersenschade score, ook als we corrigeerden voor

variatie, net zoals beschreven in hoofdstuk 4. We zagen dat hoge bloeddrukvariabiliteit

de gemiddelde systolische bloeddruk. Voor diastolische bloeddruk (onderdruk) en

van dag-tot-dag geassocieerd was met snellere cognitieve en functionele achteruitgang

bloeddrukvariabiliteit vonden we geen verband.

na 1 jaar, maar niet meer na 1.5 jaar.

Deze studie draagt bij aan het toenemende bewijs dat bloeddrukvariabiliteit een

We concludeerden dat hogere schommelingen van bezoek-tot-bezoek en van dag-

rol speelt bij dementie en cognitieve stoornissen. Specifiek geeft het ons nieuwe

tot-dag geassocieerd lijken met een snellere progressie van de ziekte van Alzheimer. Als

informatie over het mogelijke mechanisme waarop dag-tot-dag bloeddrukvariabiliteit

andere onderzoeken dit resultaat kunnen bevestigen dan zou toekomstig onderzoek

betrokken is bij cognitieve stoornissen, namelijk via schade aan de kleinste bloedvaten

kunnen kijken of het aanpakken van hoge bloeddrukschommelingen leidt tot minder

van de hersenen. Er zijn wel grotere studies nodig om dit verder te onderzoeken

snelle progressie van dementie.

en uiteindelijk te kijken of bloeddrukvariabiliteit een rol moet krijgen in de klinische
praktijk.

H6: BLOEDDRUKHERSTEL NA HET OPSTAAN EN DE ZIEKTE VAN ALZHEIMER
In hoofdstuk 5 keken we naar het verband tussen bloeddrukvariabiliteit en progressie

H5: BLOEDDRUKVARIABILITEIT EN PROGRESSIE VAN DE ZIEKTE VAN ALZHEIMER

van de ziekte van Alzheimer. Door naar bloeddrukvariabiliteit te kijken probeerden we

Hoge bloeddrukvariabiliteit lijkt het risico op het krijgen van dementie te vergroten.

de dynamiek van de bloeddruk beter in beschouwing te nemen. Bloeddrukvariabiliteit

Maar of bloeddrukvariabiliteit ook een rol speelt bij verdere cognitieve achteruitgang

was bepaald door te kijken naar de variatie tussen herhaalde metingen in rust. Een

in ouderen die al dementie hebben is niet bekend. Dat is relevant om te weten, omdat

ander dynamisch aspect is het kijken naar de respons wanneer je een systeem uitdaagt.

het aanknopingspunten kan bieden voor een mogelijk ingrijpen. Daarnaast is het

Bij bloeddruk is zo’n uitdaging bijvoorbeeld het opstaan: de bloeddruk daalt dan en

beloop van dementie in een individu lastig te voorspellen en is het nuttig om te zoeken

moet zicht herstellen. In hoofdstuk 3 kwam dit onderwerp al aan bod als mogelijk

naar factoren die daarbij kunnen helpen. Eerdere onderzoeken die keken naar de rol

negatief gevolg van het gebruik van bloeddrukverlagende medicatie. We zagen toen

van de gemiddelde bloeddruk bij de progressie van dementie spreken elkaar tegen:

dat er geen verband was tussen het gebruik van bloeddrukverlagende medicatie en de

zowel een hoge als een lage bloeddruk is in verband gebracht met snellere cognitieve

bloeddruk respons bij het opstaan (orthostatische bloeddrukrespons).

achteruitgang. Mogelijk is dit een gevolg van het beschouwen van bloeddruk als
een statisch gegeven, in plaats van als een dynamische factor die variabel is. In dit

Uit eerder onderzoek weten we dat een verminderd of vertraagd herstel van de

hoofdstuk keken we of grotere schommelingen in de bloeddruk in verband konden

bloeddruk na het gaan staan in verband kan worden gebracht met verminderd

worden gebruikt met de cognitieve en functionele achteruitgang van ouderen met de

cognitief functioneren, verhoogd risico op het krijgen van dementie en verhoogd

ziekte van Alzheimer.

risico op overlijden in ouderen. Het doel van dit hoofdstuk was bestuderen of de
bloeddrukrespons bij het gaan staan ook gerelateerd is aan verdere cognitieve

We maakten hiervoor gebruik van dezelfde groep onderzoeksdeelnemers als in

achteruitgang bij dementie en aan overlijden bij dementie.

hoofdstuk 3, in dit geval 460 ouderen met milde tot matige Alzheimer dementie. Op

10

8 momenten gedurende 1.5 jaar was bij hen de bloeddruk (zittend) gemeten tijdens

Om dit te onderzoeken hebben we bij 55 ouderen met een klinische diagnose van

hun bezoek aan het ziekenhuis. We bepaalden in deze groep de bloeddrukvariatie van

milde tot matige Alzheimer dementie (komend uit dezelfde groep deelnemers als in

bezoek-tot-bezoek. Cognitief functioneren bepaalden we met een aantal cognitieve

hoofdstuk 3 en hoofdstuk 5) metingen gedaan. Aan het begin van de studie werden

testen en dagelijks functioneren met een vragenlijst die de mantelzorger invulde.

bloeddruk en hartritme continue gemeten, terwijl we deelnemers in totaal drie keer

De groep met de hoogste bloeddrukvariabiliteit was na 1 jaar en na 1.5 jaar sneller

vroegen om op staan. We keken naar twee aspecten van de bloeddrukrespons: de

achteruit gegaan in cognitief functioneren dan de groep met de laagste variabiliteit.

grootte van de daling in bloeddruk direct na het gaan staan en de mate van herstel van

We zagen geen verband met dagelijks functioneren.

de bloeddruk op 1 minuut na het gaan staan. Cognitief functioneren werd bepaald met
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cognitieve testen, aan het begin van de studie en 1.5 jaar later. Na 4 jaar verzamelden

ongunstige effect op de bloeddruk. Eerdere studies die het verband tussen zitgedrag

we informatie over overlijden. De grootte van de daling in bloeddruk direct na het gaan

en bloeddruk onderzochten, baseerden zich meestal op vragenlijsten over activiteit

staan was niet geassocieerd met cognitieve achteruitgang of met overlijden. De mate

en op bloeddrukmetingen uitgevoerd in de spreekkamer.

van herstel na 1 minuut was wel met beide uitkomstmaten geassocieerd, zowel voor
de systolische als de diastolische bloeddruk.

In onze studie kreeg een subgroep van 41 deelnemers uit hoofdstuk 7 naast de
bloeddrukmeter ook een beweegmeter mee naar huis. Zij droegen deze gedurende

Dit onderzoek laat zien dat de mate van bloeddrukherstel op 1 minuut na het opstaan

één week 24 uur per dag op hun been. We vonden geen verband tussen het

informatie kan geven over het beloop van de ziekte van Alzheimer. Het benadrukt

activiteitenpatroon en de bloeddruk zoals gemeten in de spreekkamer. Echter,

wederom het belang van het beschouwen van bloeddruk als dynamische parameter.

wanneer we de gemiddelde thuisbloeddruk bekeken zagen we wel verbanden met het

Echter, voordat we hier echte conclusies over kunnen trekken zijn er zijn wel grotere

activiteitenpatroon. Veel zitten, weinig stappen zetten en weinig fysieke inspanning

studies nodig die hetzelfde laten zien.

waren geassocieerd met een hogere gemiddelde bloeddruk. Dit laat wederom zien dat
herhaalde thuisbloeddrukmetingen bij ouderen met cognitieve klachten mogelijk een

H7 EN H8: THUIS-BLOEDDRUKMETINGEN VOOR HET SCHATTEN VAN BLOEDDRUK

betere schatting geven van de werkelijke bloeddruk dan een meting in de spreekkamer.

In de hoofdstukken 4 en 5 gebruikten we de thuismetingen van bloeddruk om naar
de schommelingen van deze parameter te kijken. Deze metingen kunnen echter ook

CONCLUSIES

gebruikt worden voor een meer betrouwbare schatting van de gemiddelde bloeddruk,

In dit proefschrift stond de rol van bloeddruk bij ouderen met cognitieve klachten

dan een enkele meting in de spreekkamer van de arts. Door bijvoorbeeld spanning is

centraal. Samenvattend laat het werk in dit proefschrift zien dat bezwaren rondom

de bloeddruk in de spreekkamer meestal hoger dan thuis, dit noemen we witte-jassen

een verlaagde hersendoorbloeding en een verhoogde kans op orthostatische

hypertensie. Richtlijnen adviseren om een diagnose hypertensie tegenwoordig niet

hypotensie geen redenen hoeven te zijn om niet te starten met een lage dosis van een

meer alleen te baseren op een meting in de spreekkamer, maar ook gebruik te maken

bloeddrukverlagend middel bij iemand met milde tot matige Alzheimer en hypertensie.

van thuismetingen. Dit soort metingen zijn echter nog nooit ingezet bij ouderen

Echter, er is meer onderzoek nodig om alle voor- en nadelen van zo’n behandeling

met cognitieve klachten, terwijl zij wel vaak hypertensie hebben. In hoofdstuk 7 en 8

goed in kaart te brengen en tot een helder klinisch advies te komen. Daarnaast laat

bekeken we daarom of thuis-bloeddrukmetingen ook waardevol lijken in deze groep.

dit proefschrift zien dat grote fluctuaties in bloeddruk over de tijd of bij het opstaan,
gerelateerd zijn aan de progressie van cognitieve klachten. Dit biedt aanknopingspunten

In hoofdstuk 7 keken we naar het verschil in hypertensie diagnose wanneer we ons

voor vervolgonderzoek waarin gekeken kan worden of bepaalde bloeddrukverlagende

baseerden op de bloeddruk in het ziekenhuis of thuis. 213 ouderen die de polikliniek

medicatie ook een positief effect heeft op de grootte van de schommelingen. Tot slot

bezochten voerden 1 week lang thuis bloeddrukmetingen uit. We gebruikten

laat de studies in dit proefschrift zien dat een enkele bloeddrukmeting bij iemand met

internationale afkapwaardes om te kijken of iemand aan de criteria voor hypertensie

cognitieve klachten weinig informatief is, maar dat herhaalde thuismetingen een goed

voldeed. Bij 35% van de ouderen met dementie of milde cognitieve klachten leidden

alternatief zijn.

de meting in de kliniek en de metingen thuis niet tot dezelfde conclusie over de
aanwezigheid van hypertensie. Bij de ouderen zonder cognitieve klachten was dit
slechts bij 18% het geval. We concludeerden dat thuismetingen meerwaarde lijken te
10

hebben bij ouderen met cognitieve klachten, omdat de meting in de kliniek bij deze

10

groep vaker afwijkt dan bij ouderen zonder cognitieve klachten.
Het doel van hoofdstuk 8 was het verband tussen fysieke activiteit en bloeddruk te
onderzoeken. Ouderen zitten veel en dit geeft een hoger risico op hart- en vaatziekten
en mogelijk ook dementie. Een van de mogelijke mechanismes is dat dit werkt via een
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Dan veel dank aan het Nilvad team in Nijmegen: wat hebben we veel werk verzet met
elkaar! Gerrita, Nilvad draaide al op volle toeren toen ik er bij kwam en daar heb jij

Zo, en toen was het klaar. Ik heb met veel plezier aan dit proefschrift gewerkt en sta

een onmisbare rol in gespeeld. Dank voor het inzetten van je organisatietalent voor

graag op deze plek stil bij iedereen die mij geholpen heeft deze mijlpaal te bereiken.

dit onderzoek. William, jij wist altijd binnen korte tijd het vertrouwen van deelnemers

Zonder hen zou dit promotietraject niet zijn geworden wat het is, en zonder hen zou

voor je te winnen en ik ben er vrij zeker van dat we zonder jou niet met alle deelnemers

het eraan werken niet zo plezierig zijn geweest. Daarom aan iedereen die bij dit werk

de eindstreep hadden gehaald. Ik heb veel geleerd van de manier waarop jij met je

betrokken is geweest: dank jullie wel!

patiënten omgaat, dank daarvoor. Laura en Angelina, dank voor jullie onmisbare hulp
bij de vele telefoontjes, brieven, huisbezoeken, en metingen!

Allereerst dank aan alle deelnemers van de verschillende studies. Wist je dat jullie
samen zo’n 20.000 bloeddrukmetingen hebben uitgevoerd voor de onderzoeken

I would also like to express my gratitude to the entire Nilvad consortium for their

in dit boekje? Ik waardeer jullie enthousiasme en inzet enorm. Een speciaal woord

efforts in conducting the trial. It was a pleasure working with you and meeting you in

van dank voor de Nilvad deelnemers en hun naasten, ik heb genoten van de vele

Dublin and London. A special thanks to Brian, for providing us with the opportunity to

contactmomenten met jullie. De Nilvad studie is al een tijd geleden afgerond, maar

extend the Nilvad study locally with additional measurements and for his supporting

ik denk nog vaak terug aan de dagen waarop we met jullie het halve ziekenhuis

role in the different BP analyses.

doorkruisten om alle verschillende metingen te voltooien. Mijn dank is groot!
Door de jaren heen heb ik veel hulp mogen krijgen bij het uitdelen en uitleggen van de
Op de volgende plaats wil ik graag mijn dank uitspreken voor de begeleiding die ik de

thuis-bloeddrukmeters op de poli geriatrie. Veel dank daarvoor Marianne, Leontien,

afgelopen jaren heb mogen krijgen. Jurgen, veel dank voor de prettige overleggen

Jeannette, Leny, Lucia, Maria en een deel van de A(N)IOS bij geriatrie. Sorry voor

en de ruimte die jij me gaf om mijn eigen weg te kiezen binnen dit onderzoek. De

mijn oneindige stroom aan reminders en die irritante “denk aan de bloeddrukmeter”-

vele mogelijkheden en jouw tomeloze enthousiasme zorgden er soms voor dat ik

briefjes die overal op de poli hingen.

met meer vragen uit een overleg kwam dan ik er in ging, maar waren tegelijkertijd
enorm stimulerend voor mijn eigen denken. Ik bewonder jouw creativiteit en manier

Ook dank aan de studenten die aan mijn projecten hebben meegewerkt en die ik heb

van denken en heb daarin veel van je geleerd. Dank daarvoor! Ik vind het leuk dat we

mogen begeleiden: Alba, Arne, Bart, Cynthia, Eline, Emma, Faize, Imran, Laura, Max,

nog een tijdje blijven samenwerken. Marcel, allereerst dank voor het vertrouwen en de

Milou, Sara en Stacha. Jullie hulp bij het verzamelen en analyseren van de data was

kans die je me bood om een promotietraject op jouw afdeling te doen. Je wist tijdens

onmisbaar. Daarnaast was het geweldig om jullie te begeleiden en te zien groeien over

onze overleggen altijd feilloos tot de kern van de zaak te komen. Dank voor je scherpe

de tijd. Hopelijk is het gelukt een beetje van mijn enthousiasme over onderzoek doen

inzichten en altijd doeltreffende (en snelle!) feedback op conceptversies van artikelen.

op jullie over te brengen. Anne Lieke en Lotte, dank voor jullie medewerking aan het

Ook dank voor je aanmoediging om steeds te blijven onderzoeken hoe ik mijzelf als

poli-project en het uitpluizen van de vele patiëntendossiers.

wetenschapper kan ontwikkelen.
About halfway through my PhD project I had the pleasure to encounter a group of
Olga, jouw naam mag hier zeker niet ontbreken. Ondanks dat de start van mijn

international collaborators with a shared interest in the effects of blood pressure

promotietraject samenviel met jouw vertrek van de afdeling, ben je van onmisbare

variability on the brain. Phil, I’m glad that our scientific paths crossed and would like

waarde geweest in het realiseren van dit project. Bedankt voor het vertrouwen dat je

to thank you for the pleasant collaboration that we’ve had so far. I look forward to

in mij had en dat je me op de juiste plek hebt “afgeleverd”. Ook dank aan Anne, die mij

continue working with you.

kennis liet maken met het Alzheimer onderzoek en aan Ondine, onder wiens vleugels
ik na mijn afstuderen mijn onderzoek-skills verder kon ontwikkelen.

Dank aan de geweldige groep onderzoekers van de geriatrie, onder andere: Anke,
Anne, Carlijn, Carolien, Daan, Dorien, Eline, Esther, Freek, Fokke, Jana, Jeroen,

A

Graag bedank ik Alzheimer Nederland voor de financiële steun van dit project.
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Sanne, Sharon, Teun en Thea. Bedankt voor de warme, inspirerende en vaak ook

is heerlijk thuiskomen bij jullie. Dank dat jullie dag en nacht voor mij klaar staan, geen

hilarische sfeer die jullie de afdeling gaven. Het is mede dankzij jullie dat het zo leuk

vraag te gek is en er altijd voor een extra persoon gedekt kan worden.

is om hier nog langer rond te blijven lopen. Ook dank voor alle weekendjes, borrels,
(lunch)wandelingen, kaasfeestjes, stapavonden en alles dat ik (bewust) vergeet op te

Liefste Daan, de laatste alinea die ik schrijf is voor jou. Maar waar zal ik beginnen?

noemen! Lieve roomies, Marit, Jana, Dorien en Sharon: wat fijn dat we altijd met alles

Het begin? Dat was toen wij als twee studenten op hetzelfde kantoor aan onze

bij elkaar terecht kunnen. René, dankjewel dat ik altijd met “een kort vraagje” bij je

stageprojecten werkten. Wat is er sindsdien veel veranderd. Ik vind het heerlijk om bij

binnen mocht lopen, ook al bleek het meestal niet zo kort te zijn. Carlijn, dank voor

je te zijn. Je bent mijn steun en toeverlaat geweest gedurende dit hele promotietraject

de fijne samenwerking op het poli-project. Mooi om te zien hoe we ons krachten en

en daar kan ik je niet genoeg voor bedanken. Het feit dat dit waarschijnlijk de enige

kennis konden bundelen. Gemma, Maja, Joanna en Jannie, dank voor de praktische

alinea van dit proefschrift is die je niet voor me hebt doorgelezen zegt genoeg volgens

ondersteuning en dat ik altijd binnen kon lopen voor een vraag of praatje.

mij. Duizendmaal dankjewel voor je geduld, het meedenken, samenwerken, relativeren
en wat al niet meer. Met het afronden van dit boekje kan de promotiestress ons huis

Tot slot woorden van dank aan vrienden en familie, wat fijn dat jullie er altijd zijn wanneer

eindelijk verlaten. Het leven is mooi met jou en ik kijk uit naar onze toekomst samen!

dat nodig is. Anke, Charlie, Fianne, Frederike, Kim, Malou, Merel en Mette, wat is het
fijn om jullie om mij heen te hebben! Ondanks dat we ieder onze eigen kant op zijn
gegaan, blijven we elkaar vinden. Dank voor jullie luisterende oren, fijne gesprekken
en goede adviezen. Onze etentjes, weekendjes, dansjes en wat al niet meer zijn altijd
genieten. Pippa, in 5 VWO deed ik met jou mijn allereerste onderzoek. Gelukkig is
onze methodologische kennis er sindsdien flink op vooruit gegaan. Dank voor de
vele avondjes de afgelopen jaren waarop we na het sporten onze promotieperikelen
deelden tijdens het eten. Succes met jouw laatste loodjes! Anke, Annaberth, Corine,
Inge, Manon, Moniek, Suzanne en Sylvia, we zien elkaar dan wel niet zo vaak, maar
het is altijd weer gezellig en vertrouwd als dat wel zo is. Dank voor de fijne gesprekken
en gezelligheid, ik hoop dat we dit blijven doen. Anke, Anke, Esther, Karlijn en Sabrina,
dank voor de ontspanning en gezelligheid op en om de tennisbaan. Op naar ons eerste
kampioenschap (aan de outfits zal het niet liggen). Varun, dank voor je support. Nu op
naar jouw promotie!
Lieve (schoon)familie. Dank voor jullie interesse! Ik vind het leuk om met jullie
over mijn onderzoeksavonturen te praten en houd van onze samenkomsten en
weekendjes weg. Lieve oma, opa en oma, wat fijn dat jullie altijd zo betrokken zijn bij
jullie kleinkinderen. Lieve zussen, mijn kleine zusjes zijn jullie al niet meer sinds jullie
mij zo’n 10 jaar geleden letterlijk voorbij groeiden. Inge, jouw verhalen over de zorg
voor mensen met dementie zetten mij altijd weer even met beide benen op de grond,
dankjewel daarvoor. Mirjam, ik bewonder je enthousiasme en creativiteit. Dank voor
alle keren dat je mijn figuren verbeterden (sorry dat ik nog steeds met powerpoint
werk). Ik vind het super leuk dat jij dit proefschrift hebt ontworpen en ben trots op het
A

resultaat. Lieve papa en lieve mama, dank jullie wel voor alles! Wat is het fijn dat jullie

A

altijd het volste vertrouwen in mijn kunnen hebben en achter mijn keuzes staan. Het
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Courses
• Basic course on regulations and organisation for clinical inves-

•
•
•
•
•
•
•
•
•
•

ECTS Year
1.5

2014

2.0
3.0
0.3
1.0

2016
2016
2016
2017

2.0
sity)
Scientific Writing (Radboud University)
3.0
The Art of Presenting Science (Radboud University)
1.5
Mindfulness Based Stress Reduction for PhD students (Radboud
1.0
University)
Career orientation for PhD students (Radboud University)
1.0
Clinical trial monitoring training (Radboudumc)
2.0

2017

tigators (BROK)
Management for PhD students (Radboud University)
Vascular Biology (Dutch Heart Foundation)
Introduction to R (Radboudumc)
Scientific Integrity (Radboudumc)
Multilevel and event history analysis using R (Radboud Univer-

2018
2018
2018
2018
2019

Conferences

Year

Meeting of the Society of Vascular Behavioural and Cognitive Disorders

2018

•

E-poster presentation: “Effects of nilvadipine on regulation of blood
pressure and cerebral blood flow in Alzheimer’s disease” (Awarded
Early Career Grant)

Other activities
• Organizing committee of Donders Discussions, 2-day international

Year
2016

•

conference
Supervising bachelor and master internships for Medicine, Medical Bi- 2016-

•

ology, Nutrition and Health, Technical Medicine, Biomedical Sciences
Peer reviewer for scientific journals

2020
20182020

Conferences
Year
International Conference on Cerebral Haemodynamic Regulation (CARNet) 2016

•

Oral presentation: “Changes in blood pressure and cerebral blood
flow after standing are related to cerebrovascular damage in

Alzheimer’s disease”
International Conference on Cerebral Haemodynamic Regulation (CARNet) 2017

•

Poster presentation: “Preserved cerebral autoregulation in clinical

Alzheimer’s disease during repeated orthostatic maneuvers”
Meeting of the European Society of Hypertension

•

2017

Oral presentation: “Preserved cerebral autoregulation in clinical
Alzheimer’s disease during repeated orthostatic maneuvers” (Awarded
Grant for Young Participants)

•

Oral presentation: “Orthostatic blood pressure changes among
hypertensive and non-hypertensive patients with Alzheimer’s disease

•

Poster presentation: “Home blood pressure measurements in a

memory clinic population”
Meeting of the European Society of Hypertension

•

2018

Oral presentation: “Effect of antihypertensive treatment on the
prevalence of orthostatic hypotension in Alzheimer’s disease”
(Awarded Grant for Young Participants)

A

•

Poster presentation: “The prevalence of masked hypertension among
A

older patients with cognitive complaints”
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K:\Afgesloten projecten\ Poli_home_BPs (Rianne de Heus). Data derived from the
patient’s medical record (Epic) was entered into Castor EDC. The Castor database

This thesis is based on the results of two human studies: the Nilvad trial and the

has been locked. The raw data derived from the blood pressure monitors and the

Radboudumc memory clinic database. Data management of these studies is based

accelerometers is stored on the department drive. Matlab was used to process this data.

on the FAIR-principles: guidelines to enhance and improve Findability, Accessibility,

Scripts, including a description and output files are stored on the department drive.

Interoperability and Reuse of research data.

Data for this project is accessible by the principal investigator, dr. Jurgen Claassen.
Since we used data from the electronic health record and since no written informed

Privacy of the patients was warranted by use of individual subject codes. This code

consent needed to be obtained from the participants, this project has no paper data

is stored separately from the study data in PIMS (Participant Identity Management

that needed to be stored. The data will be saved for 15 years (until July, 2034). We are

system), an online application of the Radboudumc. Access to this data is restricted to

preparing this dataset for depositing in DANS EASY, the online archiving system of

the principal investigators and the data manager of the department of Geriatrics.

KNAW and NWO. Through this system, data can be used by other researchers.

NILVAD TRIAL
Data presented in Chapters 3 and 5 originates from the Nilvad main study. The Nilvad
study was a multicenter trial coordinated by Trinity College Dublin, Ireland and the
principal investigator was prof. Brian Lawlor (blawlor@stjames.ie). The data from
this trial is stored at the department server of Geriatrics: K:\Afgesloten projecten\
NILVAD (Rianne de Heus). MACRO EDC was used as data management system. In
accordance with the Irish and European data protection law, the terms under which
ethical approval for the trial was granted, and the consortium agreement entered
into by the study centers, we are unable to make public any patients’ personal data,
even deidentified. Researchers interested in access to the trial data may contact the
Trinity College Dublin officer for Data and Material Transfer Agreements, Emily Vereker
(emily.vereker@tcd.ie) to apply for access. The paper data from our site is stored in 14
boxes at an external archiving facility: UTC Verkroost b.v., Bijsterhuizen 11-31, 6546 AR
Nijmegen. The data will be saved for 15 years (until December, 2032).
Data presented in Chapters 2, 5 and 6 originates from laboratory measurements
performed in the Nilvad cerebral blood flow sub-study. This data is stored in its original
format (including .csv, .txt, .acq, .IMA) and after (pre-)processing steps have been
performed in Matlab. Scripts, including a description and output files are stored on the
department drive. Data for this project is accessible by the principal investigator, dr.
Jurgen Claassen (jurgen.claassen@radboudumc.nl) and available for other researchers
upon reasonable request.
RADBOUDUMC MEMORY CLINIC DATABASE
A

Data presented in Chapters 4, 7 and 8 originates from the Radboudumc memory clinic

A

database. This project is stored on the Radboudumc, department server of Geriatrics:
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