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Abstract

Background and Purpose—Blood pressure variability (BPV) from beat-to-beat is associated 

with an increased risk of cardiovascular events and enables rapid assessment of BPV, but the 

underlying causes of elevated BPV are unclear.

Methods—In consecutive patients within 4-6 weeks of TIA or non-disabling stroke (Oxford 

Vascular Study), continuous non-invasive BP was measured beat-to-beat over 5 minutes 

(Finometer). Arterial stiffness was measured by carotid-femoral pulse wave velocity (PWV, 

Sphygmocor). After automated and manual data cleaning, associations between BP variability 

(rCV, residual coefficient of variation), demographic factors and arterial stiffness were determined 

for both systolic (SBP) and diastolic (DBP) BP, by ANOVA and linear models. Relationships 

between demographic factors and arterial stiffness were determined by interaction terms and 

mediation.

Results—Among 1013 patients, 54 (5.3%) were in AF and 51 (5%) had low quality recordings. 

In a general linear model including the remaining 908 participants, SBPV was most strongly 

associated with age (p=0.00003), BMI (p=0.003), and arterial stiffness (p=0.008), with weaker 

independent associations with current smoking (p=0.01) and a low diastolic BP (p=0.046). 

However, whilst there was a linear increase in SBPV with BMI in men, in women SBPV was 

lowest for a BMI in the normal range, but was greater below 20 or above 30 (ANOVA p=0.012, 

BMI-sex interaction p=0.03). Although BMI and PWV were partially independent, increased 

PWV mediated approximately 32% of the relationship between increased BMI and SBPV 

(p<0.001).

Conclusions—Vascular aging, manifest as arterial stiffness, was a strong determinant of 

increased SBPV and partially mediated the effect of increased BMI. However, although high BMI 
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was independently associated with SBPV in both sexes, a low BMI was associated with increased 

SBPV only in women. SBPV may partially mediate the relationship between BMI and 

cardiovascular events, whilst obesity may provide a modifiable target to reduce SBPV and 

cardiovascular events.

Introduction

Patients with episodic hypertension after a cerebrovascular 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 BP,3 and benefits of some 

antihypertensive drugs in the prevention of stroke may partly result from reduced variability 

in SBP.4–6 Strong associations between visit-to-visit BP variability, cardiovascular events, 

renal impairment and cognitive decline have now been demonstrated in population-based 

cohorts,7, 8 patients with diabetes,9 renal impairment,10 cognitive decline11 and other 

groups,12 with similar predictive value of BP variability from day-to-day on home readings,
13–15 with a significant reduction in BPV with specific antihypertensives.4, 6 However, both 

visit-to-visit and home BP variability require a prolonged period of assessment, good patient 

compliance and follow-up visits, limiting their use in acute assessment or for assessing 

treatment response in clinical practice and future trials.

Variability in blood pressure 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 TIA or 

minor stroke, with a similar physiological profile to home day-to-day BPV16 and has at least 

similar predictive value,15 whilst enabling BPV assessment at a single visit. However, the 

determinants of beat-to-beat BPV in at-risk individuals, and its covariance with other major 

cardiovascular risk factors is unclear. Furthermore, beat-to-beat BPV is itself composed of 

multiple components contributing to total BPV, from physiological rhythms reflecting 

breathing and intact autonomic function to increased BPV associated with stiff arteries and 

impaired baroreceptor function in older patients with impaired compensatory mechanisms.16 

To assess the potential clinical utility of beat-to-beat BPV, and to identify populations at an 

increased risk of elevated BPV, it is necessary to understand the determinants of beat-to-beat 

BPV in at risk populations, and how this varies by demographic characteristics.

Therefore, in patients attending a TIA and minor stroke clinic, we determined association 

between beat-to-beat BPV variability with arterial stiffness and major cardiovascular risk 

factors and which demographic features determine a likely pathological excess of beat-to-

beat BPV.

Methods

Study population

Consecutive, consenting patients with TIA or minor stroke (NIHSS <5) were recruited 

between September 2010 and October 2019, as part of the Phenotyped Cohort of the Oxford 

Vascular Study (OXVASC).15, 16 Participants were recruited at the OXVASC daily 

emergency assessment clinic, following a referral after attendance at the Emergency 

Department or from primary care, usually within 24 hours. Patients were referred after 
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transient neurological symptoms or symptoms consistent with a minor stroke, not requiring 

direct admission to hospital. The OXVASC population consists of >92,000 individuals 

registered with about 100 primary-care physicians in Oxfordshire, UK.17 All consenting 

patients had a standardised medical history and examination, ECG, blood tests and a stroke 

protocol MRI brain and contrast-enhanced MRA (or CT-brain and carotid Doppler 

ultrasound or CT-angiogram), an echocardiogram and 5 day ambulatory cardiac monitor. All 

patients were assessed by a study physician, reviewed by the senior study neurologist (PMR) 

and are followed-up face-to-face at 1, 3, 6 and 12 months, and 2, 5 and 10 years. Medication 

is standardly prescribed according to guidelines, most commonly with dual antiplatelets 

(aspirin and clopidogrel), high dose statins (atorvastatin 40-80mg) and a combination of 

perindopril and indapamide, with the possible addition of amlodipine, to reach a target of 

<130/80 on home telemetric blood pressure monitoring.16 Access to the data will be openly 

considered on application to the chief investigator (PMR).

As part of the OXVASC Phenotyped Cohort, a routine prospective cardiovascular 

physiological assessment is performed at the 1 month follow-up visit between September 

2010 and September 2019. Participants were excluded if they were under 18 years, had 

severe cognitive impairment, were pregnant or had autonomic failure, a recent myocardial 

infarction, unstable angina, heart failure (NYHA 3-4 or ejection fraction <40%) or untreated 

bilateral carotid stenosis (>70%). OXVASC is approved by the Oxfordshire Research Ethics 

Committee.

After 15-20 minutes supine rest, beat-to-beat BPV was measured over 5 minutes in a quiet, 

dimly-lit, temperature-controlled room (21-230C). Continuous ECG and non-invasive blood 

pressure were acquired at 200Hz (Finometer, Finapres Medical Systems, The Netherlands), 

via a Powerlab 8/30 with LabChart Pro software (ADInstruments, USA). 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. 

Estimated brachial waveforms (Finometer) were calibrated offline by linear regression to 2-3 

supine, oscillometric brachial readings, performed immediately prior to the monitoring 

period on the contralateral arm, with manual exclusion of artefacts. In patients with a 

significant deterioration in recording quality during the first five minutes, the test was 

stopped, and the calibration 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. Prior to physiological assessment, two sitting clinic BPs, 5 minutes apart, 

were measured at ascertainment and one month in the non-dominant arm, by trained 

personnel.

Analysis

BPV on beat-to-beat monitoring was calculated over 5 minutes. Ectopic beats and artefacts 

were automatically detected from the R-R interval of the ECG, visually reviewed and 

removed by linear interpolation of R-R interval. Blood pressure artefacts were automatically 

detected, manually reviewed, and removed by linear interpolation to adjacent normal beats 

with in-house software. Patients in atrial fibrillation during the recording were excluded. 

Systolic and diastolic BPV were calculated as the standard deviation (SD) and the 
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coefficient of variation (CV=SD/mean), before and after de-trending of the recording about a 

linear regression across 5 minutes. All recordings were reviewed blinded to clinical data, 

after automated and manual data cleaning, to assess for the quality of recording (3- excellent 

quality; 2- adequate quality for analysis; 3-unuseable, poor quality recording), based upon 

the presence of artefacts or drift in the baseline measurement.

Associations with demographic indices were determined by general linear models and by 

logistic regression for the top decile of BPV on each index. Models were performed for 

univariate associations; adjusted for age and sex and for age, sex and cardiovascular risk 

factors at study entry (current smoking, history of hypertension, diabetes).

Analyses were performed in R, Matlab r2015 or Windows Excel.

Results

1031 assessments were performed in 1013 eligible, consecutive, consenting patients between 

September 2010 and October 2019, with 18 patients assessed twice after separate clinical 

presentations. 54 / 1013 (5.3%) patients were in atrial fibrillation during the recording, 

whilst 51 (5%) patients had inadequate recordings. Patients with atrial fibrillation or poor 

recording quality were older, had higher blood pressure and were more likely to have a 

history of hypertension (table 1).

Mean SBP was strongly correlated with SD of SBP (supplementary figure 1), but with no 

correlation with CV-SBP or CV-DBP, before or after detrending of the recording (rCV). 

However, there was an inverse correlation between CV-DBP and mean DBP before and after 

detrending (supplementary figure 1).

Beat-to-beat SBP variability increased with age (table 2) with a slightly greater SBPV in 

women, that was not significant after adjustment for age. The other key univariate and 

adjusted associations of increased beat-to-beat SBPV were increased BMI and increased 

arterial stiffness (table 2). After adjustment for age, sex and other cardiovascular risk factors, 

current smoking was also associated with increased SBPV. A history of hypertension, 

diabetes or dyslipidaemia were not associated. Only age was associated with DBPV in 

univariate analysis, although BMI was associated with DBPV after adjustment for age, sex 

and cardiovascular risk factors (supplementary table 2).

BMI was the strongest clinical risk factor associated with increased BPV. It was not 

associated with mean or maximum SBP but only with SBPV (supplementary figure 2), and 

was negatively correlated with age (p<0.0001). There was a significant difference in BPV 

between standardly defined BMI groups in women (ANOVA p=0.012), with a U-shaped 

relationship (figure 1), such that SBPV in women with a BMI between 25-30 was 

significantly lower than women with a BMI below 20 (post-hoc Tukey HSD p=0.04) or 

greater than 30 (p=0.0499). The elevated SBPV in women with a low BMI did not reflect a 

specific excess of high BPV in this group, with a similarly shaped distribution of SBPV 

across different levels of BMI. In contrast, there was no difference between absolute BMI 

categories in men (figure 2), with a linear increase in BPV when BMI was defined by 

quintiles (supplementary figure 1). This pattern predominantly reflected differences in 
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weight, with a more linear increase in BPV across quintiles of weight in men, with no 

change across quintiles of height (supplementary figure 2).

The difference in the pattern of change with BMI between sexes was evident in a 

multivariate model, with a significant association between BMI and SBPV or DBPV when 

including all indices significantly associated with BPV after adjustment for age, sex and CV 

risk factors (table 2). Furthermore, there was a significant interaction between BMI with sex 

for SBPV, but not for DBPV, reflecting the linear increase in SBPV in men but not women. 

This was confirmed on stratifying the population by sex, with a significant association 

between BMI and BPV in men, exceeding even the association between age and BPV, whilst 

in women there was no overall linear association with the only strong determinant being the 

relationships between age and low DBP with SBPV (table 3), reflecting the non-linear 

pattern in women.

In addition to BMI, arterial stiffness was the factor most strongly associated with BPV, even 

compared to age. A linear increase in SBPV with arterial stiffness was seen in both men and 

women (figure 2), with a steeper relationship in women than in men but with no significant 

interaction with sex (p=0.38). This association was sufficiently strong that there was no 

association between age and SBPV after adjustment for PWV (adjusted for age and sex: age 

p=0.19; sex p=0.007; PWV p=0.002).

There was no univariate association between BMI and PWV (β=0.03, p=0.17), but after 

adjustment for age and sex there was a strong association (β=0.06, p<0.001), which 

persisted after adjustment for other cardiovascular risk factors (β=0.05, p=0.008). In a 

combined model allowing for the sex*BMI interaction, BMI and PWV independently 

predicted SBPV, with no residual significant association between either age or DBP with 

SBPV, although associations remained for sex and smoking (table 3). There was no 

interaction between smoking and BMI for BPV, and no association between thyroid 

stimulating hormone level and either BMI or BPV. In a causal mediation analysis allowing 

for adjustment for age and sex, there was also a significant indirect mediation effect of the 

relationship between BMI and SBPV by PWV (ACME 0.008 p<0.001; ADE 0.016 p=0.3; 

total effect 0.024), explaining 32% of the relationship between BMI and SBPV. There was 

no significant indirect mediation by BMI of the relationship between PWV and SBPV 

(ACME p=0.12, 10% variance explained).

Discussion

In an at-risk population with recent TIA or minor stroke, beat-to-beat BP variability over 5 

minutes was associated with increased BMI and arterial stiffness. There was a linear 

increase in SBPV with BMI in men, but both low and high BMI were associated with 

increased SBPV in women. PWV and BMI were independently associated with SBPV, but 

PWV also mediated a proportion of the effect of BMI on SBPV. Associations between 

current smoking and increased SBPV persisted despite adjustment, but associations between 

both age and falling DBP were not significant after adjustment for PWV, indicating a likely 

primary role for arterial stiffness in mediating the relationship between age, DBP or BMI 

with beat-to-beat BPV.
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Despite the large number of studies demonstrating that visit-to-visit and day-to-day BP 

variability are associated with an increased risk of cardiovascular events1–4, 7–9, 11, 12, 18, few 

studies have determined the prognostic significance of beat-to-beat blood variability,15, 19 

despite its widespread use in the assessment of autonomic function in both research and 

clinical practice.20, 21 We previously demonstrated in an earlier report from this population 

that beat-to-beat BP variability was associated with a 47% increased risk of stroke and 37% 

increased risk of cardiovascular events per standard deviation of beat-to-beat BPV,15 

compared with 24% and 33% for day-to-day BP variability. One other study demonstrated 

that beat-to-beat BPV was increased in acute stroke and associated with poor outcome,19, 22 

albeit with SD as the principle index of BPV, whilst beat-to-beat BPV was associated with 

markers of end-organ injury and vascular aging, both in this population, 16 and in limited 

studies in other populations.23 This was also consistent with limited studies using intra-

arterial continuous blood pressure measurements.24, 25

However, there is as yet little evidence identifying the determinants and clinical 

characteristics of patients with increased beat-to-beat BPV. We previously demonstrated in a 

much smaller sample that beat-to-beat BPV was associated with aortic stiffness and 

pulsatility, as well as with markers of cardiovascular reactivity,16 and that SBPV increases 

with age with an increased skew of the distribution of SBPV in a subset of the population. In 

this report, increased BMI was the strongest clinical factor associated with increased SBPV. 

However, the relationship between BMI and SBPV was complex, with a linear association in 

men. However, in women there was a U-shaped relationship, with increased SBPV in 

women with both a reduced and increased BMI compared to normal BMI, consistent with an 

increased risk of mortality for patients when both over and underweight. Although this could 

reflect ‘physiological’ variability in women with a reduced BMI that could be beneficial, the 

marked positive skew of the distribution of SBPV in women with a BMI below 20 suggests 

that this is not the case, and that the elevation in SBPV is driven by patients with an excess 

of pathological SBPV, even in women with a reduced BMI. This may reflect increased 

autonomic instability and sympathetic overactivity in obese patients, but could reflect 

reverse causation, with frailer patients being predisposed both to being underweight and to 

having increased BPV. Alternatively, elevated SBPV may mediate some of the relationship 

between obesity or being underweight and cardiovascular risk, and represent a new 

treatment target.

This study confirmed the previously demonstrated association between arterial stiffness and 

beat-to-beat BPV, with no significant association between age and SBPV after adjustment 

for PWV. Furthermore, the mediation analysis suggests that it is partly increased arterial 

stiffness in patients with increased BMI that results in increased SBPV, although this does 

not explain the increased SBPV in patients with reduced BMI. One possible link between 

arterial stiffness, increased BMI and SBPV is an enhanced inflammatory cascade in obesity 

leading to endothelial dysfunction, increased arterial stiffness and atherosclerosis, and 

potentially increased SBPV,26, 27 either directly or indirectly, with recent trials of anti-

inflammatory interventions reducing recurrent cardiovascular events,28 independently of 

mean blood pressure effects.29 This also implies that weight loss in the obese has the 

potential to reduce cardiovascular morbidity, and stroke in particular, through reductions in 

arterial stiffness and therefore reductions in blood pressure variability. Furthermore, given 
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the negative correlation between age and BMI, this supports the hypothesis that the rising 

incidence of stroke in younger patients, and women in particular, may partly be driven by 

increasing weight that may partly be mediated by increased SBPV.

There are limitations to our study. Firstly, all patients were assessed after a cerebrovascular 

event, limiting generalizability to other disease groups. However, this population are at an 

increased risk of recurrent stroke,30 and this risk has been shown to be associated with beat-

to-beat BPV in this group.15 Secondly, 5% of patients did not have adequate recordings, 

despite repeated measures to improve quality, particularly in elderly patients who may be at 

a particularly increased risk of stroke. As such, the prevalence of elevated BPV may be 

underestimated, with consequent underestimation of the risk associated with elevated BPV. 

Thirdly, we measured beat-to-beat BPV in a highly controlled environment, using expensive 

equipment. Development of more cost-effective methods would be essential to apply beat-

to-beat BPV to routine clinical practice. Fourthly, we extensively cleaned and de-trended the 

data, improving precision of measurement but also limiting its direct applicability to clinical 

practice. As such, further development is required to standardize methods of acquisition, 

data cleaning and analysis of beat-to-beat BPV in a practical method for use in clinical 

practice. Finally, obesity may cause systematic bias in the assessment of PWV through 

artificially increasing the measured distance between the carotid and femoral applanation 

sites, whilst also affecting accuracy of blood pressure measurement.

Overall, beat-to-beat SBPV reflected both age-associated arterial stiffness and changes in 

BMI. This suggests a potential role for weight loss to reduce SBPV in the obese, with a 

resulting reduction in cardiovascular risk, but further research is required in under-weight 

women to determine why SBPV may be increased, and whether this is a marker of frailty or 

an independent treatable factor. Furthermore, it implies that measures that reduce SBPV, 

such as amlodipine,4 may be particularly effective at reducing cardiovascular risk in patients 

who are overweight, or women who are underweight.

Conclusions

Beat-to-beat BP variability reflects increased arterial stiffness and an increased BMI in both 

sexes, and a low BMI in women alone. This may be a potentially modifiable mechanism 

resulting in the increased risk of cardiovascular events due to increased arterial stiffness and 

alterations in BMI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

ACME Average causal mediation effects
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BPV Blood pressure variability

CV Coefficient of Variation
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PWV Pulse Wave Velocity

rCV Residual coefficient of variation

SD Standard deviation
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Figure 1. Relationship between increased carotid-femoral pulse wave velocity beat-to-beat BP 
variability, stratified by sex.
Results are presented as the mean and confidence interval for each group. rCV is calculated 

as the coefficient of variation of de-trended recordings. Y-axes are set to the 95% range of 

each measure across the whole population.
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Figure 2. Mean values of rCV for systolic (SBP) and diastolic (DBP), stratified by sex and 
standard thresholds for BMI.
Results are presented as the mean and confidence interval for each group. rCV is calculated 

as the coefficient of variation of de-trended recordings. There is a significant difference 

between groups for SBP-rCV for women only (ANOVA p=0.014), with significant post-hoc 

tests adjusted for multiple comparisons shown (Tukey test).
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Table 1
Characteristics of patients included and excluded from the analysis.

Participants were excluded if they were in AF during the assessment, or if their recording was of poor quality 

with a high probability of artefactual recordings. p-values are given for ANOVA for continuous variables, and 

chi-squared tests for categorical variables. AF = atrial fibrillation; FHx = family history; BP = blood pressure.

All Included In AF Poor data p-val

1013 908 (90) 54 (5) 51 (5)

Age 67 (13.3) 66.1 (13.3) 77.8 (8.9) 72.2 (11.1) <0.001

Sex 427 (42) 387 (43) 18 (33) 22 (44.9) 0.35

Hypertension 453 (44) 390 (43) 36 (67) 27 (55.1) <0.001

Diabetes 116 (11) 104 (11.5) 7 (13) 5 (10.2) 0.88

Smoking

- Current 160 (15) 148 (16) 6 (11) 6 (12.2) 0.39

- Ever 535 (53) 478 (53) 32 (59) 24 (49) 0.62

FHx of stroke 303 (30) 274 (30) 12 (22) 17 (34.7) 0.12

AF

- During test 54 (5.3) - 54 (100) - -

- Ever 74 (7) 37 (4.1) 35 (65) 2 (4.1) <0.001

Dyslipidaemia 314 (31) 277 (31) 20 (37) 16 (32.7) 0.67

Heart Failure 16 (1.6) 10 (1.1) 6 (11) - <0.001

Systolic BP 133 (19) 132 (18) 137 (24) 145 (27) <0.001

Diastolic BP 78 (12) 78 (11) 83 (15) 77 (8.9) 0.01
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Table 3
Multivariate associations and interactions between BMI and sex for variability in systolic 
(SBP) and diastolic (DBP) blood pressure.

Beta-coefficients and p-values (p-val) are given from general linear models, adjusted for significant covariates 

and for the interaction between BMI and sex, or stratified by sex. BP variability is measured as the residual 

coefficient of variation after de-trending of data (rCV).

Entire Population Stratified by Sex

SBP DBP SBP DBP

β p-val β p-val β p-val β p-val

Model 1 Men

Age 0.02 0.0003** 0.05 0.33 0.02 0.01* 0.05 0.49

Female 0.22 0.11 0.69 0.65 - - - -

DBP -0.01 0.046* -0.07 0.21 -0.01 0.29 -0.05 0.48

Smoking 0.47 0.01* 3.6 0.09 0.39 0.07 3.0 0.23

BMI 0.04 0.003** 0.35 0.02* 0.07 0.0002** 0.49 0.02*

Model 2 Women

Age 0.02 0.0002** 0.06 0.31 0.03 0.004** 0.07 0.43

Female 1.78 0.015* 9.1 0.26 - - - -

DBP -0.01 0.03* -0.07 0.18 -0.02 0.04* -0.12 0.22

Smoking 0.50 0.01* 3.7 0.08 0.66 0.06 4.9 0.20

BMI 0.07 0.0003** 0.51 0.02* 0.02 0.45 0.2 0.35

BMI * Female -0.06 0.03* -0.31 0.29 - - - -

Model 3

Age 0.015 0.06 -0.01 0.88

Female 2.31 0.01* 1.29 0.21

DBP -0.01 0.07 -0.07 0.29

Smoking 0.60 0.008* 0.47 0.07

PWV 0.10 0.008* 0.11 0.01*

BMI 0.06 0.01* 0.029 0.28

BMI * Female -0.07 0.03* -0.042 0.27
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