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Abstract.
Background: High day-to-day blood pressure variability (BPV) has been associated with an increased risk for cognitive
decline and mortality in the general population. Whether BPV is associated with increased all-cause mortality in older people
with cognitive impairment is unknown.
Objective: To investigate the association between day-to-day home BPV and all-cause mortality in older patients attending
a memory clinic.
Methods: We included 279 patients attending a memory clinic, who measured home blood pressure (BP) for 7 consecutive
days in the morning and evening. Within-subject BPV was defined as the variation independent of the mean (VIM). Time-
to-death was verified through the Dutch population registry. Cox proportional hazard regression was used. Separate analyses
were performed for morning-to-morning and evening-to-evening BPV.
Results: Mean age was 73 ± 9 years, dementia and mild cognitive impairment were diagnosed in 35% and 34% respectively,
and mean home BP was 139/79 mmHg. After a mean follow-up of 3.2 years, 52 patients had died. Neither day-to-day systolic
nor diastolic VIM were associated with mortality (adjusted hazard ratio [HR] systolic VIM: 0.99, 95%-CI 0.92–1.06, p = 0.770,
HR diastolic VIM: 1.04, 95%-CI 0.93–1.17, p = 0.517). When morning and evening measurements were analyzed separately,
systolic morning-to-morning VIM was associated with mortality (adjusted HR: 1.09, 95%-CI 1.01–1.18, p = 0.033).
Conclusion: In this study, day-to-day BPV was not associated with all-cause mortality in patients attending a memory clinic.
However, morning-to-morning BPV was. Due to the short assessment window, there is still a lack of clarity; hence future
research is warranted to clarify the role of all BPV components in aging.
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INTRODUCTION

Hypertension has a high worldwide burden of
disease, is one of the strongest risk factors for car-
diovascular diseases (CVD), and leads to a higher
risk for mortality [1–3]. Studies have convincingly
reported that chronic hypertension during mid-life is
also a strong risk factor for cognitive impairment in
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late-life [4–6]. However, the role of late-life blood
pressure (BP) in the risk for cognitive decline and
dementia remains inconclusive [7–9], and optimal
BP targets in those with cognitive impairment are
unknown, leading to the lack of clear clinical guide-
lines for BP management in older frail people [10].
Furthermore, little is known about factors that are
associated with the heterogeneous prognosis of cog-
nitive impairment [11]. More knowledge of factors
that can forecast the longitudinal course of an indi-
vidual with dementia is of importance for society and
patients, and is relevant for BP management, since
with a poor life expectancy the benefit-risk ratio of
treatment changes.

Historically, BP management and research have
focused on the effects of mean BP. However, BP is
known to have noticeable fluctuations over time, such
as minutes, hours, days, and months. Over the past
two decades, this so-called blood pressure variability
(BPV) has attracted attention and is no longer con-
sidered a random phenomenon [12]. High BPV has
been related to CVD, stroke, and cerebral small ves-
sel disease [13–15]. Moreover, studies have found an
association between high BPV and all-cause mortal-
ity in the general population [16–19]. These studies
measured BPV over a period of months or years,
called visit-to-visit BPV. This long exposure time
hampers the use of this information in clinical prac-
tice. BPV measured at home over a period of several
consecutive days, day-to-day BPV, is likely to have
a better clinical applicability. It provides information
on the consistency of BP within a shorter timeframe,
is more reproducible, offers better prognostic value
[20] and out-of-office measurements are generally
more representative for actual BP than office mea-
surements [10, 21]. Day-to-day BPV has also been
related to all-cause mortality in the general popula-
tion, albeit with less evidence [22–24].

Previous work has linked both high visit-to-visit
and day-to-day BPV to an increased risk for cognitive
decline and dementia [25]. Moreover, in patients with
pre-existent Alzheimer’s disease (AD), high BPV
was associated with increased progression of AD
[26, 27], although this was not found in all single
studies [28]. It is hypothesized that the alterations
in cerebral hemodynamic and damage on cerebral
microvasculature caused by high BPV, may promote
AD pathophysiology [27, 29]. However, causality
remains unclear and a bidirectional relationship is
suggested, since there is also growing evidence that
BPV is increased among AD patients compared to
cognitive normal controls [29].

In addition, high BPV was associated with higher
odds for vascular damage such as cerebral small ves-
sel disease, which in turn contributes to a heightened
risk for mortality [30, 31]. Older people with demen-
tia often present with a mix of AD and vascular
pathology [32], both being associated with increased
BPV. Whether high day-to-day BPV is associated
with mortality in this group is unknown. Exploring
this association could provide new insights in the
ongoing debate regarding what to focus on in the BP
management in this vulnerable group, if we under-
stand how day-to-day BPV variability is related to
the prognosis of patients with dementia.

The population attending a memory clinic com-
prises people with newly diagnosed dementia, mild
cognitive impairment or at risk for dementia. As
such, they represent the population in which uncer-
tainties exist regarding optimal BP management, the
associations of BPV with dementia and/or mortal-
ity, and regarding individual prognosis. Therefore,
we studied a population of older people attending
a university hospital memory clinic and aimed to
investigate the association between day-to-day BPV
and all-cause mortality. We studied day-to-day BPV
because of the shorter timeframe in which this can be
collected and the higher potential for clinical prac-
tice, compared to visit-to-visit BPV. Secondary aims
were subgroup analysis of participants with demen-
tia, morning-to-morning versus evening-to-evening
BPV, and to investigate the effects of different lengths
of follow-up, since this might result in different
insights [33].

METHODS

Study design and participants

In this observational retrospective cohort study,
a database consisting of older people attending the
memory clinic of the Radboud university medical
center (Nijmegen, The Netherlands) was used. This
database and protocol have also been described else-
where, and this is a secondary analysis of an existing
database [34, 35]. Inclusion started in January 2014
and lasted until July 2019. All eligible patients who
visited the memory clinic were asked to perform
home blood pressure measurement (HBPM); there
was no age or cognitive test score cut-off. Eligibility
was judged by the attending physician or nurse and
based on the capability to understand the Dutch lan-
guage and to perform the BP measurements at home.
If necessary, patients could be aided by a proxy who
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also received instructions, to improve eligibility of the
measurements. The study was reviewed and approved
by the Medical Ethics Committee (CMO Arnhem-
Nijmegen, file number 2016–2753), who exempted
the study from the need to obtain written informed
consent, because of the minimal burden of the mea-
surements. Oral informed consent was asked from
each patient and, if applicable, their informal care-
giver.

In total, 340 patients agreed to participate in the
study. Of these, 10 participants performed 0 BP mea-
surements, of 8 participants the medical records were
missing in the database, 5 participants in the database
were seen at the ‘diagnostic day center’ instead of
the memory clinic, 1 participant did not provide con-
sent for the use of information extracted from medical
records, and 1 participant died from brain metastases
soon after measurements were taken. These partic-
ipants were excluded from further analysis, leaving
315 participants in the current study.

Home blood pressure measurements

Participants received instructions, both written and
oral, on how to perform HBPM. If possible, or nec-
essary, they could be aided by their caregiver. An
automatic oscillometric device with a memory func-
tion was used (Microlife WatchBP Home, Microlife,
Heerbrugg, Switzerland) [36], and the measurements
were carried out according to an international proto-
col [21]. This protocol consisted of the instruction to
measure BP twice a day: in the morning (4.00–11.00
am) and in the evening (4.00–11.00 pm), for 7 con-
secutive days. Participants received instruction to rest
for 5 min before measuring BP and not to measure
within 1 h after food or drug intake. During each mea-
surement, two BP readings were performed. These
duplicate readings were averaged, and measurements
of the first day were removed, as by standard practice.
A minimum of 8 (out of 12) duplicate measurements
was set as a requirement to be included in the anal-
ysis. Morning and evening BP measurements were
also analyzed separately and are further on referred to
as “morning-to-morning” and “evening-to-evening”
BPV. For these analyses, a minimum of 4 duplicate
measurements was required.

BPV was evaluated using two parameters: The
variation independent of the mean (VIM) and coef-
ficient of variation (CV). The CV is calculated by
dividing the standard deviation (SD) with the mean
(CV = SD/mean∗100%), but can still be correlated to
mean BP [13]. Therefore, VIM has been developed as

a new measure uncorrelated with mean BP [13]. VIM
was determined by the formula: VIM = SD/meanx.
The parameter x was estimated from fitting a curve
through a plot of SD of BP (y axis) against mean
BP (x axis) [13, 37]. VIM was used as the pri-
mary parameter in this study since its correlation
with mean BP is almost zero. However, results are
also presented for CV, because values of VIM can-
not be compared across populations. VIM and CV
were determined for systolic and diastolic day-to-day,
morning-to-morning and evening-to-evening BPV.

Outcome

The primary outcome in this study was all-cause
mortality. No distinction could be made between
different causes of death. Data on mortality was
retrieved from the Dutch Personal Records Database
[38] and was assessed until December 3th 2019, and
this date was used as a censoring date for survivors.

Other variables

Additional information was extracted from the
participant’s medical record at baseline. Informa-
tion included: age, gender, education level, smoking
status, alcohol, body mass index (BMI), diabetes
mellitus, history of CVD, hypertension, cognitive
diagnosis, and current medication use. Education
level was defined as low, medium, or high following
the Dutch ‘Verhage’ system, as previously described
[39]. CVD included (chronic) heart failure, coro-
nary heart disease, cardiac arrythmias, peripheral
artery disease, and cerebrovascular disease. A vas-
cular score was calculated by scoring the presence of
each of the 5 cardiovascular comorbidities + diabetes
mellitus + smoking status [8, 40]. If cardiovascular
comorbidity was absent but the patient was using
a statin or anticoagulants, 1 point was added to
the total score, leading to a maximum score of
7. Hypertension was defined as mean home SBP
≥ 135 mmHg and/or home DBP ≥ 85 mmHg. Cogni-
tive diagnoses were established in a multidisciplinary
meeting with geriatricians and neuropsychologists
and were based on information from the geriatric
assessment and international DSM-5 criteria [41],
the NINCDS-ADRDA criteria for Alzheimer’s dis-
ease, NINDS-AIREN criteria for vascular dementia
and the criteria of Albert et al. for mild cognitive
impairment (MCI) [42]. When deemed necessary,
additional diagnostic testing (i.e., neuropsychologi-
cal testing or neuroimaging) were performed. Patients
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were categorized into four groups: dementia (any
type), MCI, subjective cognitive impairment (cogni-
tively normal), and other diagnosis (neurological or
psychiatric diagnosis such as depression).

Statistical analyses

Baseline characteristics of participants are pre-
sented as mean ± SD for continuous variables and
frequency (percentage) for categorical variables.
Missing data for covariates (smoking status, vascu-
lar score) were imputed using multiple imputation
with 5 chained datasets, assuming these covariates
were missing at random. Extreme outliers in BPV
(defined as ≥ 4 SD from the mean) were converted to
a value similar to mean +3 SDs, to limit the influence
of these outliers. This was the case for 12 values of
VIM (3 for day-to-day, 4 for morning-to-morning, 5
for evening-to-evening). The same procedure was fol-
lowed for CV. Furthermore, multiple linear regression
was used to assess the association between covariates
and systolic VIM.

Cox proportional hazards regression was per-
formed to assess the association of day-to-day,
morning-to-morning and evening-to-evening BPV
with all-cause mortality. The proportional hazards
assumption of the Cox models was checked using
Schoenfeld residuals and the interaction with time-
dependent variables, no violation was observed.
Three models were constructed: model 1 included
adjustment for age and gender; model 2 included
additional adjustment for vascular score and use
of antihypertensive drugs; model 3 additionally
included mean systolic BP for the analysis of VIM
SBP and mean diastolic BP for the analysis of VIM
DBP. The number of events limited including more
covariates in the analysis. Imputed data for vascular
score was used in the Cox models and pooled hazard
ratios were given. First, VIM and CV were mod-
elled as a continuous variable, and hazard ratios are
reported per unit increase. Models were constructed
using both systolic and diastolic BPV. Next, systolic
and diastolic VIM were divided into tertiles. Kaplan-
Meier function estimated cumulative all-cause
mortality across tertiles of VIM, and differences
between tertiles were assessed using the log-rank test.

A secondary analysis restricted to participants
diagnosed with dementia was conducted. Two Cox
models were constructed to assess the association of
VIM with mortality: model 1 included adjustment for
age and gender; and model 2 additionally included
mean systolic or diastolic BP.

Furthermore, separate Cox models were performed
after 1, 3, and 5 years follow-up to evaluate the prog-
nostic value of VIM at different lengths of follow-up.
Participants with a follow-up longer than the period of
interest were censored. The same models were used
as for the analysis of patients with dementia. A p value
< 0.05 was considered statistically significant. Anal-
yses were performed using IBM SPSS Statistics 25.0
(SPSS, Inc., Chicago, IL, USA) and Stata 16 (Stata
Corporation, College Station, TX, USA).

RESULTS

Baseline characteristics of participants

315 patients performed HBPM. Of these, 279
obtained ≥ 8 duplicate measurements and were
enrolled in the analyses. We had complete BP datasets
(12 measurements) in 129 out of 279 patients (46%),
and 236 patient (85%) performed at least 10 mea-
surements. The median number of measurements
performed (11, interquartile range 10–12) did not dif-
fer between those who died and those who did not die,
and there was also no difference among the patients
when split by cognitive diagnosis. Additionally, 289
participants obtained ≥ 4 morning measurements and
267 ≥ 4 evening measurements. Table 1 shows the
baseline characteristics of the total study sample and
stratified by event status (alive/deceased). Mean age
of the study population was 73.2 ± 8.6 years and
56.3% were male. Dementia was diagnosed in 97
(34.8%) and mild cognitive impairment in 94 (33.7%)
participants. The dementia subtypes that were present
in the sample were: Alzheimer’s disease (52), vas-
cular dementia (17), mixed dementia (17), unknown
origin (4), and other (7).

Blood pressure values

Mean SBP and DBP were 139.0 ± 16.4 mmHg and
78.7 ± 9.3 mmHg respectively, mean day-to-day sys-
tolic VIM was 10.2 ± 3.8. Morning-to-morning and
evening-to-evening systolic VIM were 8.0 ± 3.4 and
9.6 ± 4.3 respectively (see Supplementary Table 1).
CV measures and BP values stratified by cogni-
tive status are found in Supplementary Tables 2
and 3 respectively. Paired samples T-test showed
that evening-to-evening VIM was higher than
morning-to-morning, for both systolic VIM (mean
difference = 1.58, 95%-CI 1.00–2.15) and diastolic
VIM (mean difference = 0.91, 95%-CI 0.51–1.31),
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Table 1
Characteristics of the study sample and stratified by event status (alive/deceased)

Variable Total Alive Deceased Missing p-trend
sample values (%)

N 279 227 52 (18.6%)
Age (y) 73 ± 9 72 ± 8.5 78.6 ± 6.6 0 < 0.001
Sex (%male) 56% 54.2% 65.4% 0 0.142
Education level 0 0.706

Low 5.4% 4.8% 7.7%
Medium 30.4% 30.8% 28.8%
High 64.2% 64.3% 63.5%

Follow-up (y) 3.2 ± 1.7 3.3 ± 1.7 2.8 ± 1.5 0 0.018
Current smoking 11.8% 12.3% 9.6% 2.5% 0.572
Alcohol use 64.2% 66.5% 53.8% 7.5% 0.039
(Chronic) heart failure 4.3% 2.6% 11.5% 0 0.004
Coronary heart disease 22.2% 18.5% 38.5% 0 0.002
Cardiac arrythmias 16.1% 13.2% 28.8% 0 0.006
Peripheral artery disease 6.8% 5.7% 11.5% 0 0.133
Cerebrovascular disease 16.8% 14.5% 26.9% 0 0.031
Vascular score 1.07 ± 1.06 0.97 ± 0.92 1.51 ± 1.46 2.5% 0.015
Diabetes mellitus 17.6% 17.2% 19.2% 0 0.726
Body mass index (kg/m2) 26.4 ± 4.3 26.8 ± 4.4 24.6 ± 3.4 6.8% 0.001
Hypertension∗ 57.7% 55.5% 67.3% 0 0.120
Antihypertensives 54.5% 51.5% 67.3% 0 0.039
Statin use 40.9% 40.5% 42.3% 0 0.814
Anticoagulants/anti platelet aggregation 41.9% 39.2% 53.8% 0 0.054
Cognitive diagnosis, N 0 < 0.001

Dementia, any type 97 67 30
Mild cognitive impairment 94 75 19
Subjective cognitive impairment 71 68 3
Other∗∗ 17 17 0

Results are presented as mean ± standard deviation or as a number (percentage). ∗Defined using home blood
pressure measurements: mean systolic blood pressure ≥ 135 and/or mean diastolic blood pressure ≥ 85 mmHg.
∗∗Neurological or psychiatric diagnosis.

Fig. 1. Kaplan-Meier cumulative all-cause mortality estimates across tertiles of day-to-day blood pressure variability; VIM of systolic blood
pressure (left) and diastolic blood pressure (right). T1 to T3 indicate ascending tertiles; cut-off points were 8.03 and 11.19 for systolic and
4.59 and 6.62 for diastolic BP. Participants (N) represents the number at risk during follow-up. VIM, variation independent of the mean; BP,
blood pressure.

whereas mean SBP and DBP were higher in the morn-
ing. Higher systolic VIM was significantly associated
with female sex, older age, and higher vascular score.
Systolic VIM was higher in patients with dementia
compared to participants with MCI or subjective cog-
nitive impairment, but not for participants with other
diagnoses (see Supplementary Table 3).

Analyses of all-cause mortality

Follow-up ended on December 3, 2019 and mean
follow-up time was 3.2 ± 1.7 years (range 0.1–5.9).
During follow-up, 52 deaths occurred. Cumulative
all-cause mortality did not differ across tertiles
of the distributions of day-to-day VIM (Fig. 1;
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Table 2
The association between VIM and all-cause mortality

Predictor Unadjusted Model 1 Model 2 Model 3
HR (95%CI) p HR (95%CI) p HR (95%CI)∗ p HR (95%CI)∗ p

Day-to-day
VIM SBP 1.03 (0.96–1.10) 0.389 1.01 (0.94–1.08) 0.881 0.99 (0.92–1.06) 0.771 0.99 (0.92–1.06) 0.770
VIM DBP 1.10 (0.99–1.21) 0.071 1.06 (0.95–1.18) 0.304 1.04 (0.93–1.16) 0.522 1.04 (0.93–1.17) 0.517

Morning-to-morning
VIM SBP 1.09 (1.01–1.17) 0.02 1.09 (1.00–1.17) 0.04 1.10 (1.01–1.19) 0.032 1.09 (1.01–1.18) 0.033
VIM DBP 1.10 (1.00–1.20) 0.04 1.07 (0.97–1.17) 0.167 1.08 (0.98–1.19) 0.131 1.08 (0.99–1.18) 0.132

Evening-to-evening
VIM SBP 1.03 (0.97–1.09) 0.386 1.02 (0.95–1.08) 0.625 1.01 (0.95–1.08) 0.773 1.01 (0.95–1.07) 0.822
VIM DBP 1.02 (0.92–1.12) 0.761 1.01 (0.91–1.11) 0.900 1.00 (0.90–1.10) 0.951 1.00 (0.90–1.10) 0.956

Hazard ratios for all-cause mortality for each unit increase in systolic or diastolic VIM. Model 1: adjusted for age and sex. Model 2: model
1 + vascular score and use of antihypertensive treatment. Model 3: model 2 + mean systolic blood pressure (for models with VIM SBP as
the outcome) or mean diastolic blood pressure (for models with VIM DBP as the outcome). ∗Pooled hazard ratios after multiple imputation.
BPV, blood pressure variability; VIM, variation independent of the mean; HR, hazard ratio; SBP, systolic blood pressure; DBP, diastolic
blood pressure.

Fig. 2. Kaplan-Meier cumulative all-cause mortality estimates across tertiles of day-to-day blood pressure variability for participants with
dementia; VIM of systolic blood pressure (left) and diastolic blood pressure (right). T1 to T3 indicate ascending tertiles; cut-off points were
8.78 and 11.78 for systolic and 4.91 and 6.96 for diastolic BP. Participants (N) represents the number at risk during follow-up. VIM, variation
independent of the mean; BP, blood pressure.

log-rank test VIM SBP p = 0.22, VIM DBP p = 0.10).
Table 2 shows the hazard ratios for all-cause
mortality for each unit increase in VIM. Sys-
tolic and diastolic VIM were not associated with
all-cause mortality. However, both systolic and
diastolic morning-to-morning VIM were associated
with a higher risk for mortality, with an unad-
justed HR of 1.09 (95%-CI 1.01–1.17, p = 0.02)
and 1.10 (95%-CI 1.00–1.20, p = 0.04) respectively.
After adjustment, only systolic morning-to-morning
VIM remained significant (HR 1.09 (95%-CI
1.01–1.18, p = 0.03)) in the fully adjusted model.
Evening-to-evening VIM did not show an associ-
ation with all-cause mortality. Analyses with CV
showed similar results (Supplementary Table 4).
A complete-case analyses without participants
with imputed data was comparable (Supplementary
Table 5).

Analysis of patients with dementia

In patients with dementia, cumulative incidence
for all-cause mortality differed across tertiles of the
distributions of systolic VIM, but not for diastolic
VIM (Fig. 2; log-rank test VIM SBP p = 0.042, VIM
DBP p = 0.888). Table 3 presents hazard ratios for
all-cause mortality for each unit increase in VIM.
As with the total group, VIM in both SBP and DBP
was not associated with mortality, although a different
trend is shown with a higher HR. In the fully adjusted
model, HR was 1.07 (95%-CI 0.99–1.16, p = 0.104)
for systolic SBP. Throughout the models, morning-to-
morning VIM showed a higher HR per unit increase,
although this was marginal. In this subgroup, sys-
tolic evening-to-evening VIM was associated with a
higher risk for mortality, with a HR of 1.09 (95%-CI
1.01–1.17, p = 0.030) in both adjusted models.
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Table 3
The association between VIM and all-cause mortality, in patients with dementia

Predictor Unadjusted Model 1 Model 2
HR (95%CI) p HR (95%CI) p HR (95%CI) p

Day-to-day
VIM SBP 1.07 (0.98–1.15) 0.117 1.07 (0.98–1.16) 0.116 1.07 (0.99–1.16) 0.104
VIM DBP 1.07 (0.94–1.22) 0.287 1.08 (0.94–1.24) 0.268 1.08 (0.94–1.23) 0.295

Morning-to-morning
VIM SBP 1.08 (0.99–1.18) 0.090 1.09 (0.99–1.20) 0.075 1.09 (0.99–1.20) 0.075
VIM DBP 1.02 (0.91–1.14) 0.712 1.02 (0.91–1.14) 0.777 1.00 (0.89–1.13) 0.952

Evening-to-evening
VIM SBP 1.09 (1.01–1.17) 0.032 1.09 (1.01–1.17) 0.030 1.09 (1.01–1.17) 0.030
VIM DBP 1.03 (0.92–1.16) 0.574 1.04 (0.93–1.17) 0.492 1.04 (0.92–1.17) 0.527

Hazard ratios for all-cause mortality for each unit increase in systolic or diastolic VIM, in patients with dementia. Model 1: adjusted for age
and sex. Model 2: model 1 + mean systolic blood pressure (for models with VIM SBP as the outcome) or mean diastolic blood pressure (for
models with VIM DBP as the outcome). BPV, blood pressure variability; VIM, variation independent of the mean; HR, hazard ratio; SBP,
systolic blood pressure; DBP, diastolic blood pressure.

Table 4
The association between day-to-day VIM and all-cause mortality after 1, 3, and 5 years follow-up

Follow-up (y) Predictor Unadjusted Model 1 Model 2
HR (95%CI) p HR (95%CI) p HR (95%CI) p

Day-to-day
1 VIM SBP 1.14 (1.00–1.28) 0.043 1.12 (0.98–1.27) 0.102 1.12 (0.98–1.27) 0.105

VIM DBP 1.15 (0.92–1.44) 0.211 1.11 (0.86–1.42) 0.423 1.10 (0.86–1.41) 0.441
3 VIM SBP 1.05 (0.96–1.14) 0.292 1.04 (0.95–1.14) 0.411 1.04 (0.95–1.14) 0.402

VIM DBP 1.12 (0.98–1.29) 0.111 1.10 (0.95–1.27) 0.221 1.10 (0.95–1.28) 0.219
5 VIM SBP 1.03 (0.96–1.11) 0.358 1.02 (0.95–1.10) 0.593 1.02 (0.95–1.10) 0.585

VIM DBP 1.12 (1.01–1.24) 0.035 1.09 (0.98–1.22) 0.115 1.09 (0.98–1.22) 0.124

Hazard ratios for all-cause mortality for each unit increase in systolic or diastolic day-to-day VIM after 1, 3, and 5 years follow-up. Model
1: adjusted for age and sex. Model 2: model 1 + mean systolic blood pressure (for models with VIM SBP as the outcome) or mean diastolic
blood pressure (for models with VIM DBP as the outcome). BPV, blood pressure variability; VIM, variation independent of the mean; HR,
hazard ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure.

Table 5
The association between morning-to-morning VIM and all-cause mortality after 1, 3, and 5 years follow-up

Follow-up (y) Predictor Unadjusted Model 1 Model 2
HR (95%CI) p HR (95%CI) p HR (95%CI) p

1 VIM SBP 1.22 (1.07–1.38) 0.002 1.22 (1.07–1.38) 0.003 1.21 (1.06–1.38) 0.004
VIM DBP 1.22 (1.03–1.44) 0.018 1.20 (1.01–1.43) 0.038 1.21 (1.01–1.44) 0.039

3 VIM SBP 1.09 (0.99–1.20) 0.066 1.10 (0.99–1.21) 0.084 1.09 (0.99–1.21) 0.091
VIM DBP 1.15 (1.02–1.29) 0.021 1.14 (1.00–1.29) 0.044 1.14 (1.00–1.29) 0.044

5 VIM SBP 1.07 (0.99–1.15) 0.077 1.07 (0.98–1.16) 0.118 1.07 (0.98–1.16) 0.115
VIM DBP 1.10 (1.01–1.21) 0.034 1.08 (0.98–1.19) 0.113 1.08 (0.98–1.19) 0.117

Hazard ratios for all-cause mortality for each unit increase in systolic or diastolic morning-to-morning VIM after 1, 3 and 5 years follow-up.
Model 1: adjusted for age and sex. Model 2: model 1 + mean systolic blood pressure (for models with VIM SBP as the outcome) or mean
diastolic blood pressure (for models with VIM DBP as the outcome). BPV, blood pressure variability; VIM, variation independent of the
mean; HR, hazard ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure.

Prognostic value over time

Table 4 displays the association between day-
to-day VIM and mortality after 1, 3, and 5 years
follow-up. For systolic VIM, the HR seemed to be
highest after 1 year follow-up (fully adjusted HR =
1.12, 95%-CI 0.98–1.27, p = 0.105), and decreased
over time, although this was not significant. The

HR for diastolic VIM remained stable through-
out the years. For morning-to-morning VIM, the
HR was highest after 1 year for both systolic and
diastolic VIM, which is shown in Table 5. In the
fully adjusted model, the HR for systolic and dias-
tolic morning-to-morning VIM was 1.21 (95%-CI
1.06–1.38, p = 0.004) and 1.21 (95%-CI 1.01–1.44,
p = 0.039) respectively. After 3 and 5 years follow-up,
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the HR decreased, but remained > 1.00 with marginal
significance. (Data evening-to-evening VIM is shown
in Supplementary Table 6).

DISCUSSION

This study examined the association of day-to-day
BPV with all-cause mortality in a memory clinic pop-
ulation. The key findings are as follows: 1) overall
systolic and diastolic day-to-day BPV were not asso-
ciated with all-cause mortality in this population; 2)
increased systolic morning-to-morning BPV, how-
ever, was associated with a higher risk for mortality;
3) in the analysis of patients with dementia, evening-
to-evening BPV was associated with mortality, while
morning-to-morning and day-to-day BPV showed
potential associations; 4) hazard ratios and predictive
value of systolic day-to-day and morning-to-morning
BPV seemed to decrease for longer survival time.

Previous studies assessing the association between
BPV and mortality have shown conflicting results
[16–19, 43–45]. The majority of these studies used
visit-to-visit BPV, which is assessed across multi-
ple visits to the clinic. Day-to-day BPV measured
at home is likely to have a better clinical applica-
bility. It provides information on the consistency of
BP within a shorter timeframe, is more reproducible,
offers better prognostic value [20] and out-of-office
measurement are generally more representative for
actual BP than office measurements [10, 21]. 24-
h ambulatory BP monitoring (ABPM) is another
method to measure BPV. However, this is the only
method of measurement which takes into account BP
both at rest and during daily activities, leading to a
higher range of blood pressures depending on the
activities a person does during the day. Only three
studies, of which two used the same Japanese cohort,
investigated the association of home-measured day-
to-day BPV with mortality, and showed a modest
association [22–24]. Furthermore, the first Osahama
study divided causes of mortality into cardiovascu-
lar and non-cardiovascular mortality, which showed
a comparable HR. Moreover, both the Finn-home
and the second Osahama study reported that systolic
morning-to-morning BPV was associated with mor-
tality, while systolic evening-to-evening BPV was not
[23, 24].

Similar to these studies, we found an associa-
tion between increased morning-to-morning BPV
and all-cause mortality. However, we did not find
an association between day-to-day BPV and mortal-
ity. There are several differences between our study

and previous studies, which limit their comparability.
Both the Finn-home and Osahama cohorts consist of
a general, relatively healthy, middle aged population
or with a wide age. The Japanese Osahama cohort
represents an ethnically different population, with a
lower incidence CVD [46]. Furthermore, only non-
duplicated measurements were used, which might
increase the possibility that BPV is affected by mea-
surement error. The Finnish study used the SD as a
measure for BPV, which is known to be correlated to
the mean. Both studies included a younger popula-
tion compared to our study. Older age is associated
with higher BPV [16, 47], as was the case in this
study. In older age, frailty increases as a consequence
of age-related decline in multiple physiological sys-
tems, leading to vulnerability to minor stressors [48].
Physical resilience, which is the ability of an organ-
ism to respond to physical stress that disrupts normal
homeostasis, is decreased in older adults [49]. There-
fore, a higher day-to-day BPV in older people could
be a reflection of this lower resilience. Thus, some
authors have proposed a larger prognostic value of
BPV among older adults compared to younger and
middle aged adults [16]. Others contradict this sug-
gestion, stating that the association between BPV
and mortality or other adverse events does not cor-
respondingly increase in older populations [33, 50].
This study did not aim to distinguish between differ-
ent categories of age, but it is tempting to hypothesize
that in older persons more competing mechanisms
are present compared to younger persons, leading to
a lower or no association with mortality compared to
study populations including middle-aged adults.

This study had a shorter follow-up period com-
pared to the previous studies (mean follow-up 3.2
years versus 11.9 and 7.8 years). A study exam-
ining visit-to-visit BPV and mortality found that
BPV was predictive for mortality in the longer (7
years), but not in the short follow-up (3 years) [33].
However, results for visit-to-visit BPV cannot be
compared with day-to-day BPV, because of the dif-
ferent timeframe and setting. Moreover, it is proposed
that different measures of BPV are weakly corre-
lated and not interchangeable [51, 52]. In contrast,
in the Osahama study the predictive value of BPV for
non-cardiovascular mortality weakened after censor-
ing the first 2 years [22]. In our study, the association
between BPV and mortality appeared to be higher
after the first year, compared to 3 or 5 years of follow-
up, although this was only significant for the morning
measurements and mostly for SBP. This might indi-
cate a more refined predictive value for day-to-day
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BPV for the short term. An explanation could be that
over time, changes can occur in a participant’s health
status, leading to competing mechanisms. Another
possibility might be reverse causation; high day-to-
day BPV could be an indication of underlying disease
or an expression of dysfunction of the cardiovascu-
lar system, leading to adverse outcomes in the short
term. This finding regarding different associations
during follow-up should be interpreted with caution
however, and ought to be considered explorative.

Bearing in mind that this area of research lacks
a gold standard for BPV, the differences in obser-
vations between studies may also endorse the need
for standardized methods to quantify BPV and the
importance of replicating research results.

Morning-to-morning BPV

Returning to our finding that morning-
to-morning BPV is associated with all-cause
mortality. Due to the short assessment window and
small sample size of this study, the results should be
interpreted with caution. However, it is interesting
to speculate about possible explanations for this
finding. Determinants and correlates of BPV are
still under investigation and the mechanisms under-
pinning BPV remain speculative. Different types of
BPV have been associated with multiple predictors
of cardiovascular events, such as increased left
ventricular mass index and arterial stiffness [53–56]
and more pronounced hypertension-mediated target
organ damage, independent of mean BP [57].

The morning hours are characterized by the high-
est incidence of cardiovascular events [58–60], which
has been linked to increased thrombocyte aggregabil-
ity [61] and activation of the sympathetic nervous
system in the morning [60, 62]. Another concept
is the so-called morning surge: a disproportional
high peak in BP after waking up. Sudden activa-
tion of the sympathetic nervous system is seen as
the primary mediator [59], and this morning surge
is proposed to be a risk factor for cardiovascular
events [59, 63]. For example, it may disrupt vulner-
able plaques causing rupture and thrombosis [60].
On the other hand, higher BPV could also reflect a
decreased adaptability to this stressor in the morning,
due to a lower resilience. Therefore, higher morning-
to-morning BPV might reflect the varying presence
of a morning surge and decreased adaptability to this
stressor, increased activity of the sympathetic ner-
vous system, arterial stiffness, and other predictors
of (fatal) cardiovascular events.

Analysis of patients with dementia

Analysis of patients with dementia showed a trend
with a higher hazard ratio for mortality compared to
the total study sample. Patients suffering from demen-
tia are more likely to become frail over time and
have a lower resilience compared to older persons
without dementia [64, 65], which could result in a
larger impact of high BPV on adverse outcomes. They
might be more susceptible to fluctuation in BP due
to decreased adaptability to stressors. This hypothe-
sis should be further examined in future research. It
would also be interesting to add BPV to a prognos-
tic cardiovascular model for patients with dementia
and to examine the added value of this predictor.
This could be valuable in patients with a high car-
diovascular burden, since there are indications that
BPV is a stronger predictor in subjects at high car-
diovascular risk, while the contribution of BPV to risk
stratification is low in subjects without cardiovascular
comorbidities [66, 67].

Strengths and limitations

This study has several strengths and limitations.
The use of duplicate BP measurements, twice a
day for 7 consecutive days, ensured a high degree
of reproducibility and made the measurements less
prone to fluctuation caused by external factors such
as change in lifestyle or environment. Although par-
ticipants (and in most cases an informal caregiver)
received individual instruction on how to perform
the measurements correctly, they performed HBPM
unguided, making it not possible to ensure adherence
to instructions. However, the use of a validated device
with a pre-programmed measurement schedule and
automatic saving of BP measurements limited user
errors and reporting bias. Furthermore, patient char-
acteristics were assessed at baseline and no additional
information was available, such as a change in medi-
cation or comorbidities during follow-up, which is a
limitation. Despite this, BP was measured at baseline
in this study, and not overlapping with follow-up, as
is the case in some previous research [68]. Addition-
ally, the use of VIM provided a reliable measure for
BPV, uncorrelated to the mean. Patients with lower
cognitive functioning were less likely to agree to per-
form HBPM, leading to a selection bias. Still, the
study sample included a large diversity in cognitive
functioning. Other limitations include the small sam-
ple size and number of events. The sample size of
this study was too small to look at dementia and MCI



1228 R.A. Haverkamp et al. / Day-to-Day BPV and All-Cause Mortality

subtypes, and analysis of morning-to-morning VIM
might have been prone to multiplicity. Lastly, the set-
ting of an outpatient memory clinic does not allow
direct generalization to, e.g., primary care, although
the variety in cognitive performance in this sample
represents quite a proportion of the general elderly
population with cognitive complaints.

Perspectives

This study is the first to investigate day-to-day
BPV and mortality in a population with cognitive
impairment. Even though no association between
day-to-day BPV and mortality was found, a multi-
tude of studies on (visit-to-visit/day-to-day) BPV are
available which share the common finding that higher
BPV is modestly associated with mortality and other
adverse outcomes. However, the methods used are
heterogeneous and a gold standard is lacking. Thus,
more research is needed into the optimal schedule
for measuring BPV and how to quantify variability
in routine practice. Besides, future research should
address to the effects of BPV in patients with demen-
tia, and to the association of morning-to-morning
BPV with adverse outcomes since this measure seems
promising.

Improved knowledge concerning this subject could
have several clinical implications for the future. Day-
to-day BPV might be used to determine the resilience
of older, cognitively impaired, patients. It is pro-
posed that dynamic measures, i.e., measures with
a time scale, can be used to forecast resilience in
older persons [69]. Day-to-day BPV is a dynamic
measure and could be of use to predict chances for
recovery, for example prior to major surgery. More-
over, little is known about the longitudinal course of
an individual with dementia, in which BPV might
play a role. Should BPV prove to have a causal
association with progression of dementia or mortal-
ity, BP management in the future should not only
focus on lowering mean BP, which is the current
standard [10], but also on reducing large fluctua-
tions. It is suggested that certain antihypertensive
drugs, such as calcium channel blockers, lower both
mean BP and fluctuations, while others may increase
fluctuations [70–73]. However, the impact of BPV
lowering on organ damage or dementia prognosis is
unknown. At this moment, convincing evidence is
still absent and fundamental questions remain unan-
swered, including the optimal variability index and
measurement schedule, and the threshold that defines
increased BPV. Further research is needed to refine

understanding of the causes and consequences of day-
to-day and morning-to-morning BPV in older persons
with cognitive impairment, but also in other pop-
ulations. Until this knowledge becomes available,
clinicians and researchers should remain aware of
the associations with, and implications of, variability
in BP.

CONCLUSION

In this study, day-to-day BPV was not associ-
ated with all-cause mortality in a memory clinic
population, while morning-to-morning BPV was. In
addition, hazard ratios seemed to be higher in patients
with dementia and after a shorter follow-up period.
However, results should be interpreted with caution
and there is still a lack of clarity, hence future research
is warranted to clarify the association of all BPV com-
ponents with mortality in older adults with cognitive
impairment.
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