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Abstract. Higher blood pressure variability (BPV) predisposes to cognitive decline. To investigate underlying mecha-
nisms, we measured 24-h ambulatory BPV, nocturnal dipping and orthostatic hypotension in 518 participants with vascular
cognitive impairment, carotid occlusive disease, heart failure, or reference participants. We determined cross-sectional asso-
ciations between BPV indices and plasma biomarkers of neuronal injury (neurofilament light chain) and Alzheimer’s disease
(phosphorylated-tau-181 and A�42/A�40). None of the BPV indices were significantly associated with any of the biomarkers.
Hence, in patients with diseases along the heart-brain axis, we found no evidence for an association between BPV and selected
markers of neuronal injury or Alzheimer’s disease.

Keywords: Alzheimer’s disease, amyloid, biomarkers, blood pressure, dementia, orthostatic hypotension, tau proteins

∗Correspondence to: Frank J. Wolters, Department of Epidemi-
ology, Erasmus MC –University Medical Center Rotterdam, P.O.

Box 2040, 3000 CA, Rotterdam, The Netherlands. Tel.: +31 10
704 34 88; E-mail: f.j.wolters@erasmusmc.nl.

ISSN 1387-2877 © 2024 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution License (CC BY 4.0).

mailto:f.j.wolters@erasmusmc.nl
https://creativecommons.org/licenses/by/4.0/


1208 N.L.P. Starmans et al. / Blood Pressure Variability and AD Biomarkers

INTRODUCTION

Blood pressure is a highly dynamic physiological
feature that varies from beat-to-beat, hour-to-hour
and day-to-day, as well as upon postural change
and from day to night. Various types of blood pres-
sure variability (BPV) have been associated with an
increased risk of dementia and may explain part of
the association between hypertension and demen-
tia [1–3]. Sudden or excessively low blood pressure
could cause cerebral hypoperfusion, whereas high
blood pressure may lead to changes in the vessel
wall. Conversely, reverse causation could also explain
observed associations between BPV and dementia, in
which autonomic dysfunction associated with neu-
rodegeneration leads to increased BPV.

Most studies about the link between BPV and
dementia have focused on imaging markers of vascu-
lar brain injury, such as white matter hyperintensities
(WMH), as outcome measures [4, 5]. However, BPV
could also be related to concomitant Alzheimer’s dis-
ease (AD) pathology, since disturbances in cerebral
hemodynamics accompanying BPV might contribute
to these pathologies [6–8] and higher systolic BPV
is associated with cognitive decline in patients with
AD [9]. The recent development of plasma biomark-
ers may help to elucidate if BPV might indeed
contribute to AD pathology specifically, in addi-
tion to the known neuronal injury through vascular
or other pathways, which could be measured with
the unspecific biomarker neurofilament light chain
(NfL) [10, 11]. Yet, published studies on BPV and

AD biomarkers have provided inconsistent results.
Some studies noted that increased BPV is related to
more phosphorylated-tau-181 (p-tau181) or amyloid-
� (A�) [12–14], but not all [13, 15, 16].

We hypothesized that BPV contributes to neu-
ronal injury (as measured by plasma NfL) and also,
although potentially to a lesser extent, to AD pathol-
ogy (reflected by plasma p-tau181, A�40, and A�42).
We therefore determined the association between
24-h variability, nocturnal dipping or orthostatic
hypotension (OH), and plasma biomarkers of neu-
ronal injury and AD in a cohort of patients with
diseases along the heart-brain axis and reference
participants. By studying these hemodynamically
vulnerable patients, we maximize the potential hemo-
dynamic impact of BPV on the brain.

MATERIALS AND METHODS

Study population

This study was embedded in the prospective, obser-
vational Heart-Brain Connection Study. A detailed
description of the rationale and study design has
been published previously [17]. In short, 566 par-
ticipants aged >50 years, including 437 patients
with diseases along the heart-brain axis (i.e., vas-
cular cognitive impairment (VCI), carotid occlusive
disease or heart failure) as well as 129 reference
participants without these conditions, were included
from four participating centers between 2014 and
2019 (Supplementary Material). All participants

Fig. 1. Flowchart of the inclusion of the participants. Hundred-fifty-two participants are included in both samples, 4 participants are only
included in the ARV and nocturnal dipping sample and 366 participants are only included in the OH sample. ABPM, ambulatory blood
pressure measurement; ARV, average real variability; COD, carotid occlusive disease; HF, heart failure; OH, orthostatic hypotension; REF,
reference participants; VCI, vascular cognitive impairment.
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were independent in activities of daily life and able
to undergo neuropsychological assessment.

For the present study, we included participants with
the following data at baseline: 1) a valid 24-h ambu-
latory blood pressure measurement (ABPM) and/or a
complete OH measurement and 2) a complete set of
plasma biomarkers of neuronal injury and AD pathol-
ogy. This resulted in a sample of 156 participants for
the 24-h variability and nocturnal dipping analyses
and 518 for the OH analyses (Fig. 1).

Ethics statement

The local medical ethics committees approved the
Heart-Brain Connection Study. The study was per-
formed in accordance to the Declaration of Helsinki.
All participants provided written informed consent.

Ambulatory blood pressure measurement

From June 2015 onward, participants were offered
24-h ABPM with validated blood pressure monitors
(Microlife WatchBP O3 device, Microlife Corpora-
tion, Taiwan) in three out of four participating centers
(Fig. 1) [18]. The blood pressure was measured every
20 min during daytime (06.00–22.00 h) and every
60 min during nighttime (22.00–06.00 h). The 24-h
ABPM was considered a valid measurement, if≥70%
of the readings were valid [19].

Mean 24-h blood pressure, 24-h variability and
nocturnal dipping were then determined for both
systolic (SBP) and diastolic blood pressure (DBP).
We calculated 24-h variability as the 24-h, day-
time (09.00–21.00 h) and nighttime (01.00–06.00 h)
average real variability (ARV), with the following
equation [20, 21].

ARV =
∑ |BPk+1 − BPk|

n

The nocturnal dipping ratio was calculated by
dividing the mean nighttime blood pressure by the
mean daytime blood pressure.

Orthostatic hypotension measurement

Participants laid down for 5 min, after which the
blood pressure was measured once in the supine posi-
tion. Participants then quickly got up into standing
position, in which the blood pressure was measured
three times consecutively, approximately at 0 s, 45 s,
and 90 s after standing. The OH measurement was
complete if all four blood pressure measurements

were successful. OH was defined as a decrease of
≥20 mmHg systolic or ≥10 mmHg diastolic upon
standing in any of the three measurements [22].

Blood-based biomarker assessment

From non-fasting venous blood samples, we deter-
mined the plasma levels of NfL, A�40, and A�42
with the Simoa™ Neurology 4-plex E Kit and the
plasma level of p-tau181 with the Simoa™ ptau181
V2 Kit on the Simoa HDX analyzer (Quanterix, Bil-
lerica, USA) in the Neurochemistry lab Amsterdam
UMC (Supplementary Material). Analyses were per-
formed in duplicates for both kits according to the
manufacturer’s instructions with 1 : 4 automated on-
board sample dilution. Mean intra-assay coefficients
of variation were all <5%, except for a coefficient
of variation of 7.4% for p-tau181. Mean inter-assay
coefficients of variation were all <8%. We calculated
the A�42/40 ratio by dividing the level of A�42 by the
level of A�40.

Statistical analyses

Plasma levels of NfL, p-tau181, A�40, and A�42
were log10 transformed to obtain a roughly normal
data distribution. The untransformed A�42/40 ratio
already had a normal data distribution. Subsequently,
we standardized all biomarkers, the mean blood pres-
sure and continuous BPV measures into z-scores.

All participants were included if they had com-
plete data, regardless of body mass index or kidney
function.

First, we determined cross-sectional associations
between the various blood pressure measurements
and each of the biomarkers with multiple linear
regression. Both crude coefficients and coefficients
adjusted for potential confounders were calculated.
All analyses were adjusted for age, sex, mean 24-
h SBP or DBP (depending on the determinant), use
of blood pressure lowering medication and estimated
glomerular filtration rate. OH analyses were addition-
ally adjusted for the presence of diabetes mellitus
(defined as a self-reported history of diabetes and/or
the use of anti-diabetic medication, data on the type of
diabetes was unavailable). In case of A�40 and A�42
as the outcome, analyses were also mutually adjusted
for A�42 and A�40 respectively.

Next, we stratified the analyses per participant
group to check for effect modification. Finally, we
performed a sensitivity analysis for 24-h ARV and
nocturnal dipping. The main analyses were repeated



1210 N.L.P. Starmans et al. / Blood Pressure Variability and AD Biomarkers

after exclusion of participants using beta-blockers as
blood pressure lowering medication, since this med-
ication is associated with the highest 24-h variability
[23].

We applied false discovery rate (FDR) correction
separately for each biomarker in the main analyses
and stratified analyses to correct for multiple testing.
A p-value < 0.05 after FDR correction was considered
significant. Analyses were performed using R version
4.0.3.

RESULTS

The baseline characteristics for the ARV and noc-
turnal dipping sample and OH sample are shown in
Table 1.

Neurofilament light chain

Higher 24-h mean DBP was significantly asso-
ciated with lower NfL in univariable analyses (�
–0.178, 95% CI –0.330;–0.026). This association
attenuated after adjustment for confounders, mostly
due to age, and became non-significant (Table 2).
Less nocturnal dipping, as reflected by a higher
night/day-ratio, and presence of OH were associ-
ated with higher NfL in univariable analyses (for
systolic dipping: � 0.197, 95% CI 0.048;0.346, for
diastolic dipping: � 0.181, 95% CI 0.032;0.329, for
OH: � 0.270, 95% CI 0.089;0.451), but this attenu-
ated in multivariable models (Table 2). None of the
ARV measures was significantly associated with NfL
(Table 2, Supplementary Table 1).

Results were similar across participant groups, and
unaffected by exclusion of 56 participants using beta-
blockers (data not shown).

Amyloid-β and phosphorylated-tau-181

Mean blood pressure was not associated with p-
tau181, the A�42/40 ratio or the separate A�40 and
A�42 levels (Table 2). Regarding BPV, a higher
systolic nocturnal dipping ratio was significantly
associated with increased p-tau181 in the univari-
able analyses (� 0.254, 95% CI 0.091;0.417), but not
multivariable analyses (Table 2). None of the ARV
measures nor the presence of OH were significantly
related to p-tau181, the A�42/40 ratio or the A�40 or
A�42 level (Table 2, Supplementary Table 1).

Associations were again similar across participant
groups, except for less nocturnal dipping with lower
levels of A�42 among participants with VCI (for sys-

tolic dipping ratio: � –0.189, 95% CI –0.321;–0.058,
for diastolic dipping ratio: � –0.208, 95% CI
–0.346;–0.070), although the group-interaction was
not statistically significant (p-interaction = 0.428).
When excluding participants using beta-blockers, the
effect estimate for the association between 24-h dias-
tolic ARV and A�40 became slightly larger (adjusted
� 0.139, 95% CI 0.005–0.273), whereas effect esti-
mates for nocturnal dipping and the other plasma
biomarkers were unchanged (data not shown).

DISCUSSION

In this study of patients with diseases along the
heart-brain axis and reference participants, ARV, noc-
turnal dipping and OH were overall not associated
with biomarkers of neuronal injury (NfL) or AD
specific biomarkers (p-tau181 and A�). Only in the
subgroup of patients with VCI, those with less noc-
turnal dipping tended to have lower plasma levels of
A�42.

Given the abundance of evidence linking BPV to
risk of dementia and WMH [4, 5], we had anticipated
an association between BPV and axonal injury, as
measured by NfL. The absence of proof for an asso-
ciation of ARV, nocturnal dipping and OH with NfL
in the current study is no proof of absence, and might
be due to lack of power in the ARV and nocturnal
dipping analyses or differences in study populations
compared to earlier studies. A single study has pre-
viously examined the association between OH and
NfL in 70 patients with Parkinson’s disease and
showed that patients with OH had higher levels of
plasma NfL independent of potential confounders
[24]. While we also found that the presence of OH
was related to higher NfL in univariable analyses, this
association became non-significant after adjustment
for confounders, mostly due to age. These different
results may be explained by reverse causation in the
prior study as OH occurs relatively late in the course
of Parkinson’s disease [25], at which time NfL also
increases [26, 27].

Several prior studies have investigated associations
between BPV and tau or A�, some of which found
significant associations [12–14, 28–30], whereas oth-
ers did not [15, 16, 31]. These discrepancies may be
explained by substantial differences in study popu-
lations, the choice of BPV index, and the technique
for biomarker measurements across studies, which
hamper proper comparison of study results.
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Table 1
Baseline characteristics of the participants

Characteristic ARV and nocturnal OH sample
dipping sample N = 156 N = 518

Female 51 (32.7) 181 (34.9)
Age, y 66.1 ± 8.3 67.9 ± 8.6
Participant group
Vascular cognitive impairment 30 (19.2) 149 (28.8)
Carotid occlusive disease 33 (21.2) 94 (18.1)
Heart failure 45 (28.8) 151 (29.2)
Reference 48 (30.8) 124 (23.9)
Blood pressure
Mean 24-h SBP, mmHg 122.1 ± 13.7 –
Mean 24-h DBP, mmHg 73.2 ± 8.8 –
24-h systolic ARV, mmHg 9.8 ± 2.5 –
24-h diastolic ARV, mmHg 7.7 ± 1.8 –
Systolic nocturnal dipping, ratio 0.89 ± 0.08 –
Diastolic nocturnal dipping, ratio 0.85 ± 0.10 –
Mean resting office SBP, mmHg 142.1 ± 22.0 141.4 ± 20.4
Mean resting office DBP, mmHg 82.0 ± 11.5 80.0 ± 10.9
OH present 37 (24.3) 158 (30.5)
Vascular risk factors and medical history
Current smoking 27 (17.3) 87 (16.8)
LDL-cholesterol, mmol/l 2.8 ± 1.0 2.7 ± 1.0
Diabetes mellitus 14 (9.0) 78 (15.1)
BMI, kg/m2 26.7 ± 3.7 26.9 ± 4.2
Obesity (BMI > 30 kg/m2) 28 (18.1) 106 (20.5)
History of cerebrovascular or cardiovascular disease 93 (59.6) 283 (54.6)
eGFR, ml/min/1.73 m2 80.4 ± 17.6 78.9 ± 18.5
Chronic kidney disease (eGFR < 45 ml/min/1.73 m2) 7 (4.5) 32 (6.2)
Medication
Antihypertensive medication 101 (64.7) 359 (69.3)
Lipid lowering medication 91 (58.3) 311 (60.0)
Biomarkers
NfL, pg/ml 16.0 (12.3 – 21.9) 18.1 (13.3 – 26.1)
P-tau181, pg/ml 1.5 (1.2 – 2.0) 1.5 (1.2 – 2.2)
A�42/40, ratio 0.07 (0.06 – 0.08) 0.07 (0.06 – 0.07)
A�40, pg/ml 95.3 (84.3 – 111.0) 99.8 (87.2 – 113.4)
A�42, pg/ml 6.4 (5.6 – 7.5) 6.5 (5.6 – 7.7)

Data are presented as N (%) for categorical variables and mean ± SD or median (interquartile range) for continuous
variables. A�, amyloid-�; ARV, average real variability; BMI, body mass index; DBP, diastolic blood pressure;
eGFR, estimated glomerular filtration rate; LDL, low-density lipoprotein; NfL, neurofilament light chain; OH,
orthostatic hypotension; p-tau181, phosphorylated-tau-181; SBP, systolic blood pressure.

More advanced stages of neurodegeneration may
lead to higher BPV. Hence, study of patients with
mild cognitive impairment or dementia could show
more profound associations of BPV with tau or A�
than studies among cognitively healthy individuals,
due to reverse causation. Indeed, a large Chinese
community-based cohort of 1546 individuals found
no associations with either cerebrospinal fluid (CSF)
p-tau181 or A� [15], whereas several studies among
patients with mild cognitive impairment did [12, 14,
28, 29]. In line with this reasoning, we observed
an association between nocturnal dipping and A�42
only in participants with VCI. Alternatively to reverse
causation, the more profound findings in cognitively
impaired individuals could be related to a higher

prevalence of the APOE ε4 allele among these groups,
which modified the associations of BPV with tau bur-
den in ADNI participants [12, 28]. This aligns with
the observation that BPV may be related to cogni-
tive changes predominantly in APOE ε4 carriers [32].
Effect modification by APOE genotype has similarly
been suggested for other demographic and vascular
determinants of dementia [33].

Besides, the intensity of blood pressure treatment
could be another relevant factor. Among individu-
als at risk for cardiovascular disease, higher BPV
was associated with increased plasma total tau in the
standard, but not intensive, blood pressure treatment
group [30]. In our cohort of patients with overt cardio-
vascular disease, effect modification analyses might
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have revealed significant associations, although all
patients were treated similarly according to current
guidelines and differences between treatment groups
would have likely been small.

Associations of BPV with neurodegeneration
markers may depend on the choice of BPV index.
Visit-to-visit variability is relatively consistently
linked to AD biomarkers across different patient pop-
ulations [12, 28, 29, 31], whereas shorter-term BPV
(i.e., day-to-day or 24-h) generally did not relate to
tau or A� in previous studies [15, 16], including
this current report. Yet, minute-to-minute variability
has been associated with plasma A�, though not p-
tau181, among 54 community-dwelling participants
with a low vascular disease burden [13]. We had no
measures available for BPV other than 24-h vari-
ability. Future studies would benefit from consistent
definitions of BPV and comparison of multiple BPV
indices, and perhaps also pulse pressure [34], within
the same population, as different types of BPV may
well have distinct underlying mechanisms and down-
stream effects [35].

A final potentially important cause of hetero-
geneity between studies could be the differences
in the biomarkers of interest. The plasma p-tau181
we assessed, correlates better with amyloid pathol-
ogy than tau pathology on PET-imaging [36] and
also has weaker associations with tau pathology on
neuropathological examination as compared to CSF
p-tau181 [37]. Although our negative findings for p-
tau181 are in line with the negative findings for A�,
this might explain why previous studies were able
to find significant associations with plasma total tau,
tau on PET or tau on neuropathological examination
[28–30].

A strength of our study is that we combined
multiple biomarkers in a single study of partici-
pants with hemodynamic vulnerability, in which the
potential impact of BPV on the brain is maximized.
The study is limited by the relatively small sample
with available data on ARV and nocturnal dipping.
Additionally, heterogeneity of the study sample may
hamper the interpretation of our findings, although
observations were mostly similar across the par-
ticipant groups. Participation of relatively healthy
individuals in the three patient groups may have led to
selection bias. Furthermore, we had no information
on APOE ε4 carriership, which was previously sug-
gested to modify the association between BPV and
AD pathology. Finally, we measured only p-tau181
and other forms of tau, such as p-tau217, p-tau231,
or total tau, were unavailable.
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In conclusion, we found no evidence for an asso-
ciation of 24-h BPV, nocturnal dipping and OH with
biomarkers of neuronal injury (NfL) or AD (p-tau181
and A�) overall. A possible link between nocturnal
dipping and A�42 in participants with VCI specifi-
cally warrants replication in future studies.
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