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BLOOD PRESSURE VARIABILITY

Progression of Beat-to-Beat Blood Pressure 
Variability Despite Best Medical Management
Alastair J.S. Webb , Amy Lawson , Karolina Wartolowska , Sara Mazzucco, Peter M. Rothwell

ABSTRACT: Beat-to-beat variability in blood pressure (BP) is associated with recurrent stroke despite good control of hypertension. 
However, no study has identified rates of progression of beat-to-beat BP variability (BPV), its determinants, or which patient 
groups are particularly affected, limiting understanding of its potential as a treatment target. In consecutive patients one 
month after a transient ischaemic attack or nondisabling stroke (Oxford Vascular Study), continuous noninvasive BP was 
measured beat-to-beat over 5 minutes (Finometer). Arterial stiffness was measured by carotid-femoral pulse wave velocity 
(Sphygmocor). Repeat assessments were performed at the 5-year follow-up visit and agreement determined by intraclass 
correlation coefficient. Rates of progression of systolic BPV (SBPV) and diastolic BPV (DBPV) and their determinants 
were estimated by mixed-effect linear models, adjusted for age, sex, and cardiovascular risk factors. One hundred eighty-
eight of 310 surviving, eligible patients had repeat assessments after a median of 5.8 years. Pulse wave velocity was highly 
reproducible but SBPV and DBPV were not (intraclass correlation coefficient: 0.71, 0.10, and 0.16, respectively), however, 
all 3 progressed significantly (pulse wave velocity, 2.39%, P<0.0001; SBPV, 8.36%, P<0.0001; DBPV, 9.7, P<0.0001). Rate 
of progression of pulse wave velocity, SBPV, and DBPV all increased significantly with age (P<0.0001), with an increasingly 
positive skew and were particularly associated with female sex (pulse wave velocity P=0.00035; SBPV P<0.0001; DBPV 
P<0.0001) and aortic mean SBP (SBPV P=0.037, DBPV P<0.0001). Beat-to-beat BP variability progresses significantly in 
high-risk patients, particularly in older individuals with elevated aortic systolic pressure. Beat-to-beat BPV and its progression 
represent potential new therapeutic targets to reduce cardiovascular risk. (Hypertension. 2021;77:193–201. DOI: 
10.1161/HYPERTENSIONAHA.120.16290.) • Data Supplement
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Patients with episodic hypertension after a cerebro-
vascular event have a high risk of recurrent stroke,1,2 
residual visit-to-visit variability in blood pressure 

(BPV) on treatment has a poor prognosis despite good 
control of mean BP1,2 and benefits of some antihyper-
tensive drugs in the prevention of stroke may partly 
result from reduced variability in systolic blood pressure 
(SBP).3,4 Strong associations between visit-to-visit BP 
variability with cardiovascular events,5 renal impairment,6 
and cognitive decline7 have now been demonstrated in 
population-based cohorts and specific disease cohorts,6,8 
with similar predictive value of BP variability day-to-day 
on home readings.9 However, use of both visit-to-visit and 
home BP variability require a prolonged period of assess-
ment, good patient compliance, and follow-up visits.

Variability in BP from one beat to the next (beat-to-
beat, BPV) is also associated with an increased risk of 
recurrent stroke or cardiovascular events in patients with 
a transient ischaemic attack (TIA) or minor stroke,10 with 
a similar physiological profile to home day-to-day BPV,11 
while enabling BPV assessment at a single visit. Despite 
cross-sectional associations with age, the longitudinal 
change in beat-to-beat BPV with time has not been 
assessed, and the factors that determine progression of 
BPV are unknown. To further assess the potential clini-
cal utility of beat-to-beat BPV as a disease marker it is 
necessary to understand the rate of progression and its 
determinants to identify potential treatment targets.

Therefore, in a prospective cohort of patients with TIA 
or minor stroke, we determined the rate of progression of 
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beat-to-beat BPV and identified determinants of greater 
progression.

METHODS
TOP Statement
The data that support the findings of this study are available 
from Professor Rothwell (peter.rothwell@ndcn.ox.ac.uk) upon 
reasonable request.

Study Population
Consecutive, consenting patients with TIA or minor stroke 
were recruited between September 2010 and September 
2019, as part of the Phenotyped Cohort of the OXVASC 
(Oxford Vascular Study). Participants were recruited at the 
OXVASC daily emergency assessment clinic, following a refer-
ral after attendance at the Emergency Department or from 
primary care, usually within 24 hours. Patients were referred 
after transient neurological symptoms or symptoms consistent 
with a minor stroke, not requiring direct admission to hospital. 
The OXVASC population consists of >92 000 individuals reg-
istered with about 100 primary-care physicians in Oxfordshire, 
United Kingdom. All consenting patients underwent a stan-
dardized medical history and examination, ECG, blood tests, 
and a stroke protocol magnetic resonance imaging brain 
and contrast-enhanced magnetic resonance angiography (or 
CT-brain and carotid Doppler ultrasound or CT-angiogram), an 
echocardiogram and 5-day ambulatory R test cardiac moni-
tor. All patients were assessed by a study physician, reviewed 
by the senior study neurologist (P.M. Rothwell), and are 

followed-up face-to-face at 1, 3, 6, and 12 months and 2, 5, 
and 10 years. Medication is prescribed according to guide-
lines, most commonly with dual antiplatelets (aspirin and clopi-
dogrel) for one month, high dose statins (atorvastatin, 40–80 
mg), and a combination of perindopril and indapamide, with 
the addition of amlodipine as required, to reach a target of 
<130/80, guided by home telemetric BP monitoring for the 
first month in the majority of participants.

As part of the OXVASC Phenotyped cohort, a routine pro-
spective cardiovascular physiological assessment is performed 
at the 1-month follow-up visit. Since August 2017, all surviving 
participants still registered with OXVASC primary-care physi-
cians are eligible to undergo a repeat physiological assessment 
when attending for their 5-year follow-up visit. Participants 
undergoing a repeat study as part of an assessment for a 
recurrent cerebrovascular event >2.5 years after their initial 
physiological assessment could also be included. Participants 
were excluded if they were under 18 years, cognitively impaired 
(mini-mental state examination <23), pregnant, had autonomic 
failure, a recent myocardial infarction, unstable angina, heart 
failure (New York Heart Association, 3–4 or ejection frac-
tion <40%), or untreated bilateral carotid stenosis (>70%). 
OXVASC is approved by the Oxfordshire Research Ethics 
Committee A.

Beat-to-beat BPV was measured after at least 15 minutes 
supine rest over 5 minutes in a quiet, temperature-controlled 
room (21–23 °C). Continuous ECG and noninvasive BP were 
acquired at 200 Hz (Finometer, Finapres Medical Systems, the 
Netherlands), via a Powerlab 8/30 with LabChart Pro software 
(ADInstruments). Waveforms were preferentially recorded from 
the middle phalanx of the middle finger. Automated calibration 
(Physiocal) was performed until the recording was stable, but 
turned off during each test. Brachial waveforms (Finometer) 
were derived from finger pressures and calibrated offline by 
linear regression to 2 to 3 supine, oscillometric brachial read-
ings on the contralateral arm, performed immediately before 
the monitoring period, with manual exclusion of artefacts. In 
patients with a significant deterioration in recording quality 
during the first 5 minutes, the test was stopped, and the cali-
bration procedure repeated. If necessary, the finger cuff was 
moved to an adjacent finger or the proximal phalanx of the 
same finger, or the hand was warmed with a hand warmer. 
Before physiological assessment, 2 sitting clinic BPs, 5 

Nonstandard Abbreviation and Acronyms

BPV	 variability in blood pressure
SBP	 systolic blood pressure
OXVASC	 Oxford Vascular Study
DBP	 diastolic blood pressure
PWV	 pulse wave velocity

Novelty and Significance

What Is New?
•	 Beat-to-beat blood pressure variability (BPV) increases 

significantly over 5 years despite intensive risk factor 
control.

•	 Beat-to-beat BPV becomes more positively skewed 
with age and time.

•	 Progression of BPV is associated with age, female 
gender, and aortic systolic BP.

What Is Relevant?
•	 Older patients are most likely to have a marked 

increase in BPV.
•	 Rigorous control of BP may help to prevent progres-

sion of BPV.
•	 Control of BPV and its prevention may be a novel 

treatment target.

Summary
Beat-to-beat BPV and its progression may be a new 
therapeutic target to reduce cardiovascular risk.



BLOOD PRESSURE VARIABILITY
Webb et al� Progression of Blood Pressure Variability

Hypertension. 2021;77:193–201. DOI: 10.1161/HYPERTENSIONAHA.120.16290� January 2021    195

minutes apart, were measured at ascertainment and 1 month 
in the nondominant arm, by trained personnel. Applanation 
tonometry (Sphygmocor, AtCor Medical, Sydney, Australia) was 
used to measure carotid-femoral pulse wave velocity (aortic-
PWV), aortic augmentation index, and aortic SBP and diastolic 
blood pressure (DBP) and pulse pressure.

Consistency in measures between baseline and follow-up 
were determined by intraclass correlation coefficients and lin-
ear regression, and visually by Bland-Altman plots. Significant 
changes in indices between baseline and follow-up were 
assessed by paired t test. Rates of progression of measures 
of arterial stiffness, aortic BP, and cerebral blood flow velocity 
were determined by linear mixed-effect models, with autore-
gressive covariance to account for repeated measures. Rates 
of progression were determined by the interaction with the time 
interval between visits, as continuous indices and stratified by 
age group (<55, 55–65, 65–75, >75). Potential determinants 
of absolute values and rates of progression were assessed, 
unadjusted, and adjusted for age, gender, and cardiovascular 
risk factors (smoking, dyslipidemia, diabetes, hypertension).

Analyses were performed in R and Matlab r2018, using in-
house software.

RESULTS
One hundred eighty-eight of 310 eligible, surviving 
patients were reviewed at a median of 5.8 years after 
the initial assessment. Of the included patients, 150 had 
arterial stiffness assessments at baseline and follow-up, 
while 170 had beat-to-beat BPV. Demographic char-
acteristics were similar between patients undergoing 
arterial stiffness and beat-to-beat BPV (Table  1), and 
between patients having any repeat study versus those 
eligible surviving patients who did not return for follow-up 
(Table S1 in the Data Supplement).

Arterial stiffness (PWV) was highly reproducible 
within individuals over the 5 years of follow-up (Table 2), 
but SBPV and DBPV were only weakly reproducible. 
However, there was a significant mean increase in PWV, 
SBPV, and DBPV, with a greater positive skew of the 
distribution for SBPV and DBPV at follow-up (Figure 1). 
In contrast, heart rate variability and baroreceptor sensi-
tivity (BRS) were more reproducible than beat-to-beat 
BP variability, but there was no significant progression of 
heart rate variability during follow-up, with a marginal fall 
in BRS (Table 2).

Cross-sectionally, BPV was associated with greater 
age at follow-up, more evident in women than men 
(Figure S1), but there was no cross-sectional associa-
tion between age and SBPV at baseline (P=0.56). This 
reflected greater attrition of patients with higher base-
line SBPV or arterial stiffness, with both SBPV and PWV 
predicting loss to follow-up, even after adjustment for 
age and gender (SBPV P=0.048; PWV P=0.021).

In mixed-effect linear models, PWV was greater in 
older patients and increased at a greater rate at older 
ages (Figure 2). Similarly, the rate of increase for SBPV 

and DBPV increased significantly with increasing age 
and female gender (Table 3), although due to the lower 
reproducibility of BPV and the greater attrition of older 
patients with greater SBPV at baseline, there was no 
cross-sectional association between age and SBPV 
(Figure 2). In contrast, there was no significant progres-
sion in mean aortic SBP and a consistent small fall in 
aortic DBP across ages (Figure S3), although the rate 
of change of mean DBP did not increase with increasing 
age. A history of diabetes was associated with both a 
greater cross-sectional PWV and a greater rate of pro-
gression of PWV, but did not predict increased SBPV, 
DBPV, or their progression. However, other demographic 
indices including AF, smoking, and weight were associ-
ated with greater BPV cross-sectionally but a decrease 
in BPV with time, likely reflecting regression to the mean 
or attrition bias.

Absolute SBPV and DBPV level were not associated 
with PWV after adjustment for age, gender, and risk fac-
tors, but increased PWV was associated with progres-
sion of DBPV (Table 4) and a fall in mean DBP (Table 
S4) with time. Greater heart rate variability was associ-
ated with greater BPV level but not with progression of 
BPV over time. In contrast, a lower BRS was associated 
with increased BPV, while a greater BRS was associated 
with greater progression of BPV over time, although this 
may reflect regression to the mean.

Table 1.  Baseline Characteristics of Patients With Follow-
Up Studies

 PWV SBPV P value

N 150 170  

Age 66 (10.9) 65 (11.1) 0.44

Female 57 (38) 66 (38.8) 0.97

Hypertension 112 (74.7) 128 (75.3) 1

Diabetes 19 (12.7) 23 (13.5) 0.95

Atrial fibrillation 13 (8.7) 12 (7.1) 0.74

Dyslipidemia 116 (77.3) 133 (78.2) 0.95

Current smoker 13 (8.7) 21 (12.4) 0.38

Past smoker 67 (44.7) 80 (47.1) 0.75

Medications … … …

Antiplatelet 119 (79.3) 135 (79.4) 1

Antihypertensives 109 (72.7) 123 (72.4) 1

Statins 111 (74) 127 (74.7) 0.99

Weight, Kg 77.6 (14.8) 79.3 (17.2) 0.51

BMI, Kg/m2 26.6 (4.1) 27.1 (4.8) 0.31

Creatinine 78.4 (19.8) 77.6 (21.8) 0.42

SBP, mm Hg 149.3 (24.8) 148.7 (24) 0.78

DBP, mm Hg 85.3 (13.7) 85.5 (14.2) 0.44

Frequencies (%) or mean (SD) are reported for patients undergoing PWV 
assessment, or beat-to-beat BPV. P values are provided for differences between 
these groups. SBP and DBP are sitting, attended clinic readings. BMI indicates 
body mass index; DBP, diastolic blood pressure; PWV, pulse wave velocity; SBP, 
systolic blood pressure; and SBPV, systolic blood pressure variability.

https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.120.16290
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Progression of both SBPV and DBPV were most 
strongly associated with an elevated aortic SBP and DBP, 
and particularly with an increased aortic pulsatility, both 
before (Table S4) and after (Table S5) adjustment for age 
and gender. Even after further adjustment for cardiovas-
cular risk factors, PWV and the other aortic measure, pro-
gression of SBPV and DBPV were still associated with an 
elevated aortic SBP (SBPV P=0.037, DBPV P<0.001) 
but not with aortic DBP (SBPV P=0.53, DBPV P=0.15).

DISCUSSION
In this first study of progression of beat-to-beat variabil-
ity, SBP and DBP variability progressed at a greater rate 
with increasing age, female gender, and a greater aortic 
BP. Furthermore, there was a greater positive skew of 
SBPV and DBPV at follow-up compared with baseline. 
This paralleled the greater rate of increase in arterial 
stiffness with age but PWV only predicted an increase in 
DBP variability, despite both PWV and SBPV predicting 
a greater loss to follow-up. Overall, aortic SBP was par-
ticularly associated with an increase in SBPV or DBPV, 
after adjustment for demographic factors, arterial stiff-
ness, and DBP.

Visit-to-visit,2 day-to-day,9,12 and diurnal BP variabil-
ity13,14 predict the risk of stroke and future cardiovascular 
events, independent of mean BP. Calcium channel block-
ers and thiazide-like diuretics reduce BPV,3,4,15 with an 
associated difference in the rate of recurrent cardiovas-
cular events. However, these methods require repeated 
assessments and the magnitude of the prognostic value 
of BPV compared with mean BP alone is uncertain, limit-
ing their current use in clinical practice.16 Beat-to-beat 
blood pressure variability can be assessed in a single 
clinic visit, is cross-sectionally associated with clinical 
markers of cardiovascular risk, is associated with simi-
lar underlying physiological processes as day-to-day BP 
variability11 and predicts outcome after acute stroke17 
and the risk of recurrent stroke and cardiovascular 
events.10 This study now demonstrates that beat-to-beat 
BPV progresses significantly over time despite excellent 

risk factor control, predicts loss to follow-up, and that 
this progression parallels progression of arterial stiff-
ness. Similar data was not available to assess the pro-
gression of other forms of BPV, but the progression of 
beat-to-beat BPV supports the potential of beat-to-beat 
BPV as a direct treatment target. However, the associa-
tion with SBP also raises the possibility that even more 
intensive BP control to levels suggested in the Systolic 
Blood Pressure Intervention Trial (SPRINT) trial18 may 
further limit progression of arterial disease through lim-
iting progression of BPV. Furthermore, BPV increased 
quicker with age with a greater positive skew, potentially 
identifying that the risk of recurrent events is particularly 
related to BPV in more elderly patients. The association 
of progression with aortic pulsatility is consistent with 
their common cause as markers of vascular aging, but 
the strong progression of BPV over time suggests it is 
likely to be have independent prognostic significance 
and may represent an additional treatment target.

Despite similar physiological and demographic asso-
ciations,11 beat-to-beat BPV measures BPV over a much 
shorter time period than other forms of BPV. Therefore, 
although beat-to-beat BPV may vary from day-to-day or 
season to season, a beat-to-beat BPV value does not 
directly measure diurnal or seasonal variability,19 adher-
ence to medication20 or day-to-day environmental fac-
tors such as weekday versus weekend readings,21 unlike 
longer forms of BPV. Instead, it predominantly reflects 
current autonomic function22 and is the primary input 
in determining resting-state BRS and dynamic cerebral 
autoregulation.23 It has the potential, therefore, to more 
directly measure loss of compensatory mechanisms in 
older patients and is a key determinant of the short-term 
gain of both baroreceptor function and cerebral auto-
regulation. However, given its similar associations with 
longer forms of BPV, it may still provide a more efficient 
method of determining the same prognostic informa-
tion. Alternatively, it may provide different or additional 
information and be affected by alternative treatment 
options, including mechanical24 and pharmacological 
interventions.25

Table 2.  Reproducibility and Progression of Arterial Stiffness, Aortic Blood Pressure, and Blood Pressure Variability

Index ICC ICC confidence r2 P value
Baseline 
mean FU mean t test P value

Annual 
change

Annual 
change (%)

PWV 0.71 (0.62 to 0.78) 0.42 <0.001 9.2 10.3 <0.001 0.19 2.39

SBP mean 0.50 (0.35 to 0.61) 0.11 <0.001 120 122 0.48 −0.15 0.06

DBP mean 0.19 (−0.04 to 0.37) 0.04 0.006 71 65.2 <0.001 −0.98 −1.17

SBPV 0.10 (−0.16 to 0.30) 0.02 0.056 4.3 5.52 <0.001 0.21 8.36

DBPV 0.16 (−0.08 to 0.34) 0.03 0.026 4.1 5.5 <0.001 0.24 9.7

HRV 0.49 (0.35 to 0.60) 0.11 <0.001 4.1 4.46 0.25 0.05 6.87

BRS 0.42 (0.23 to 0.57) 0.09 <0.001 10 8.03 0.049 −0.42 3.7

Reproducibility is reported as the ICC and r2 from linear regression. P values are reported for paired t tests between baseline and follow-up values. BRS indicates 
baroreceptor sensitivity; DBP, diastolic blood pressure; DBPV, DBP variability; FU, follow-up; HRV, heart rate variability; ICC, intraclass correlation coefficient; PWV, pulse 
wave velocity; SBP, systolic blood pressure; and SBPV, SBP variability.
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This study does have some limitations. It is still rela-
tively small given the high rate of attrition in a high-risk 
population, but it is the first study to assess beat-to-beat 
BP variability at an interval of 5 years and, despite the 
moderate size, associations were strong and consistent 
with previous evidence. Second, due to the age and 
frailty of the population, only a proportion of the base-
line population could be reassessed at 5 years with BPV 
at baseline predicting greater attrition at follow-up, thus 
resulting in a likely conservative underestimation of the 
cross-sectional and longitudinal associations between 
age and BPV. This rate of attrition also implies poten-
tial prognostic significance of BPV. However, this level 
of attrition increases the probability of bias, although any 
bias is likely to be conservative, and limits the applicabilty 
of the results to primary prevention populations. Ideally, 

this study will need replicating in these groups. Third, 
due to the low reproducibility of BPV, there was evidence 
of regression to the mean, with an opposite direction of 
association with the absolute level of BPV and its pro-
gression for many risk factors. However, despite this, 
regression to the mean was not evident for age, gen-
der, PWV, and aortic BP, the most important predictors 
of progression of BPV. Fourth, the low reproducibility of 
BPV may limit its utility in monitoring response to treat-
ment and its validity as a measure of BPV in a single 
visit. However, as this study only looked at 5-year follow-
up, further research is required to assess the short-term 
reproducibility of BPV. Furthermore, development of pro-
tocols to measure elevated BPV at one or more assess-
ments may still identify patients at an increased risk and 
invoke a change in management while the significance 

Figure 1. Change in distribution of 
arterial stiffness and blood pressure 
variability between baseline and 
follow-up.
A–C, The distribution of each index at 
baseline (red) and follow-up (blue). D–F, 
The correlation between baseline and 
follow-up as scatter plots with contour 
lines and lines of unity. DBPV indicates 
diastolic blood pressure variability; PWV, 
pulse wave velocity; and SBPV, systolic 
blood pressure variability.
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Figure 2. Progression of arterial stiffness and blood pressure variability by age and gender.
A–C, Individual changes during follow-up, and summary estimates within age groups (<55, 55–65,65–75, >75), for all patients (black), for 
men (blue), and women (red). D–F, The average rate of progression within each age group, stratified by age, and gender, with 95% CIs for the 
whole population. DBPV indicates diastolic blood pressure variability; PWV, pulse wave velocity; and SBPV, systolic blood pressure variability.
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of elevated beat-to-beat BPV provides insights into 
potential novel physiological mechanisms and new treat-
ment targets. Finally, we have not shown that progression 
of BPV itself predicts the risk of recurrent cardiovascular 
events, or that it is amenable to treatment.

This study demonstrates that beat-to-beat BPV 
progresses significantly over 5 years, and that this is 
predicted by a higher aortic SBP and pulsatility, after 
adjustment for age, gender, and risk factors. However, 
this is the first large study to report these associations, 
and it is important to replicate this in other populations. 
Furthermore, proof of a causative role for BPV will require 
evidence of an association between progression of BPV 
and future cardiovascular risk, and identify whether this 
association is particularly important for specific stroke 

causes, such as cerebral small vessel disease. In addition, 
further research is required to understand the relation-
ship between beat-to-beat and other forms of BPV, and 
the role of historic hypertension in driving BPV and its 
progression.The potential causative relationship between 
aortic SBP and BPV also requires evidence from ran-
domized trials that consistent control of BP prevents 
progression of beat-to-beat BPV over time, and that this 
mediates some of the subsequent reduction in cardio-
vascular events. Finally, it is vital to identify interventions 
that reduce BPV and determine whether control of BPV 
independent of control of mean BP reduces the risk of 
future cardiovascular events.

In conclusion, beat-to-beat BP variability progresses 
over 5 years in high-risk patients with recent TIA or minor 

Table 3.  Association Between Demographic Characteristics and Progression of Key Indices of Arterial Stiffness and Blood 
Pressure Variability

Index

PWV PWV change SBPV SBPV change DBPV DBPV change

b value P value delta b delta P b value P value delta b delta P b value P value delta b delta P

Female −0.59 0.068 0.18 0.0004 −0.53 0.068 0.28 <0.0001 −0.95 0.022 0.46 <0.0001

Age 0.075 <0.0001 0.009 <0.0001 −0.012 0.32 0.011 <0.0001 −0.024 0.17 0.017 <0.0001

Hypertension 0.78 0.045 −0.054 0.41 0.026 0.94 −0.13 0.1 0.17 0.74 0.0077 0.94

Diabetes 0.93 0.071 0.2 0.013 0.048 0.92 0.13 0.21 −0.0047 0.99 0.17 0.22

AF history −1.1 0.081 0.22 0.033 −1.1 0.058 0.29 0.031 −0.81 0.33 0.49 0.009

Dyslipidemia 0.3 0.47 −0.13 0.05 0.17 0.68 −0.18 0.029 0.2 0.72 −0.19 0.11

Smoking 0.37 0.26 −0.16 0.0002 0.71 0.019 −0.14 0.01 1.3 0.0023 −0.24 0.00084

Current smoking 0.045 0.94 0.051 0.62 −0.16 0.74 0.22 0.044 0.42 0.55 0.034 0.82

Weight 0.027 0.016 −0.0055 0.0007 0.026 0.0089 −0.0082 <0.0001 0.034 0.018 −0.011 <0.0001

BMI 0.078 0.05 −0.0098 0.16 0.025 0.47 −0.012 0.13 0.023 0.65 −0.013 0.24

Creatinine 0.014 0.099 −0.0051 <0.0001 0.028 0.0001 −0.0056 <0.0001 0.037 0.0005 −0.0065 <0.0001

Cholesterol 0.29 0.03 −0.062 0.0008 0.29 0.014 −0.1 <0.0001 0.31 0.067 −0.11 0.00039

Antihypertensive 0.61 0.11 −0.03 0.64 0.23 0.51 −0.16 0.041 0.4 0.42 −0.029 0.78

Statin 0.33 0.39 −0.087 0.17 0.47 0.2 −0.18 0.019 0.49 0.35 −0.18 0.093

Results are reported from mixed-effects linear models, reporting the association between each demographic characteristic with the level of each index and progres-
sion as the interaction with time between visits (delta). AF indicates atrial fibrillation; b, unstandardized β coefficient; BMI, body mass index; PWV, pulse wave velocity; 
and SBPV, systolic blood pressure variability.

Table 4.  Association Between Physiological Characteristics and Progression of Key Indices of Arterial Stiffness and Blood 
Pressure Variability

Index

PWV PWV change SBPV SBPV change DBPV DBPV change

b value P value delta b delta P b value P value delta b delta P b value P value delta b delta P

Heart rate −0.0043 <0.0001 0.0004 0.059 −0.0009 0.38 0.00086 0.0005 0 0.84 0.00087 0.009

HRV −0.0011 0.98 0.0028 0.73 0.13 0.01 −0.015 0.12 0.24 0.0005 −0.011 0.37

PWV … … … … 0.068 0.4 0.022 0.16 0.032 0.78 0.07 0.0017

Ao SBP 0.013 0.13 0.0047 <0.0001 −0.0032 0.73 0.0066 0.0001 −0.0029 0.82 0.012 <0.0001

Ao DBP −0.01 0.48 0.011 <0.0001 −0.05 0.0016 0.0067 0.04 −0.054 0.016 0.014 0.003

Ao PP 0.031 0.007 0.004 0.05 0.019 0.12 0.0079 0.0009 0.019 0.27 0.015 <0.0001

BRS-LF −0.034 0.024 0.005 0.058 −0.042 0.01 0.0086 0.006 −0.027 0.24 0.016 0.0004

BRS-HF −0.028 0.0041 0.004 0.011 −0.027 0.008 0.0072 <0.0001 −0.02 0.15 0.012 <0.0001

Results are reported from mixed-effects linear models, reporting the association between each demographic characteristic with the level of each index and progres-
sion as the interaction with time between visits (delta). AF indicates atrial fibrillation; Ao DBP, aortic DBP; Ao PP, aortic pulse pressure; Ao SBP, aortic SBP; b, unstan-
dardized β coefficient; BMI, body mass index; BRS, baroreceptor sensitivity; DBP, diastolic blood pressure; DBPV, DBP variability; HF, high frequency; HRV, heart rate 
variability; LF, low frequency; PWV, pulse wave velocity; SBP, systolic blood pressure; and SBPV, SBP variability.
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stroke, with higher rates of progression in older patients 
and patients with higher aortic BPs. Despite excellent 
risk factor control, better control of aortic SBP may 
prevent progression of SBPV and reduce risk of recur-
rent events. Older patients are most likely to be at an 
increased risk due to progression of BPV, and therefore, 
interventions to reduce beat-to-beat BPV may best be 
targeted to these patients.

PERSPECTIVES
Beat-to-beat BP variability is associated with an 
increased risk of recurrent stroke after TIA or minor 
stroke, independent of mean BP, and may provide a 
novel treatment target to reduce future cardiovascular 
risk. The demonstration that it progresses significantly 
over 5 years, and that this progression is associated with 
higher aortic SBP and age, suggests that it may be one 
mechanism mediating the relationship between long-
term hypertension and cardiovascular outcomes. If so, 
good control of hypertension may prevent its progression, 
while interventions to directly reduce beat-to-beat BPV 
may reduce the residual risk of cardiovascular events 
that persist despite control of hypertension. However, 
further studies are required to determine whether beat-
to-beat BPV and its progression provides significant 
additional prognostic information, whether this applies to 
other populations and whether this differs from the prog-
nostic significance of other forms of BPV. Furthermore, 
clinical trials are required to identify treatments to reduce 
beat-to-beat BPV and its progression, and to determine 
whether these are associated with a reduction in subse-
quent clinical events.
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