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Quantifying the speed of fluctuations in systolic
blood pressure

Arnoldus JR van Gestel1,2, Giovanni Camen1, Christian F Clarenbach1, Noriane Sievi1,
Valentina A Rossi1 and Malcolm Kohler1,3

Increased blood pressure variability (BPV), even in the absence of hypertension, has been identified as an important independent

cardiovascular risk factor (CVRF). However, the role of the speed of changes in systolic blood pressure (SBP; vSBP) on

cardiovascular risk needs to be investigated. The objective of this study was to investigate whether subjects with a high

cardiovascular risk profile have an increased degree and speed of changes in SBP compared with subjects with low or no risk.

Resting beat-to-beat blood pressure (BP) was recorded for 5min. Standard BPV measures in both time and frequency domains

were conducted. The s.d. of SBP (s.d.-SBP) values was used to quantify the degree of BPV. vSBP was assessed by calculating

the slopes of oscillatory fluctuations in SBP for different interbeat intervals (IBI). Subjects were allocated to one of four groups

according to the number of CVRFs (0, 1, 2, X3 CVRF). Of 122 subjects, 19.7% had 0 CVRF, 27.0% had 1, 32.0% had 2 and

21.3% had X3 CVRFs. There was an increase in vSBP across the four risk groups. The vSBP in patients without CVRF was

3.12 (1.09), 1 CVRF 3.23 (1.07), 2 CVRF 4.16 (2.26) and X3 CVRF 4.22 (1.66; P¼0.015). The s.d.-SBP was not

significantly different between the cardiovascular risk groups. The speed of fluctuations in SBP rather than the degree of BPV

is pronounced in patients with elevated cardiovascular risk. Increased speed of BP fluctuations may thus be a contributing

mechanism to cardiovascular morbidity.
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INTRODUCTION

The high prevalence of cardiovascular disease may be attributable to
risk factors such as obesity, diabetes, dyslipidemia and hypertension,
and may be linked to common lifestyle determinants such as diet,
physical activity and tobacco consumption.1 It is widely known that
increased systolic blood pressure (SBP) is a powerful risk factor for
cardiovascular events. However, there is still no consensus as to how
hypertension leads to cardiovascular events.2

Blood pressure variability (BPV) is a measure of cardiovascular and
autonomic dysfunction that is used for research purposes.3–6

Increased visit-to-visit BPV, even in the absence of sustained
hypertension, has been identified as an important independent
cardiovascular risk factor (CVRF) and is associated with both the
prevalence and severity of target-organ damage.7–9 This has been
demonstrated in both the general population and hypertensive
patients.7–9 In addition, Rothwell et al.9,10 found that even increased
BPV over a few minutes has some prognostic value.

Several invasive and noninvasive techniques have been proposed to
quantify the fluctuations in SBP. BPV is usually expressed as the s.d. of
average ambulatory blood pressure (BP) values over 24 h, as well as
during daytime and nighttime periods.4,11,12 However, the usefulness of
the s.d. is limited as it only reflects the dispersion of SBP measurements

around the mean not accounting for the time rate at which the changes
in BP take place. As biological tissue is especially susceptible to damage
by sudden changes of pressure, the speed of changes in SBP per se may
be a major determinant of target-organ damage.13–18

A more reliable representation of BPV may be achieved by
calculating the mean of the differences between intermittent BP
measurements (average real variability, ARV) using data from 24 h
SBP monitoring.19 ARV reflects SBP dynamics over time and
overcomes the pitfalls of the commonly used s.d. However, ARV
does not reflect short-term changes in SBP, which may be an
important measure regarding target-organ damage.20

Data from studies investigating the relationship between the speed
of SBP fluctuations and cardiovascular risk are currently not available.
Therefore, the aim of the present study was to investigate whether
subjects with elevated cardiovascular risk experience faster changes in
SBP than subjects with low or no cardiovascular risk, using a new
signal-analysis method.

METHODS

Subjects
A group of 122 subjects with a heterogenous cardiovascular risk profile

including 59 patients with chronic obstructive pulmonary disease, 30 patients
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with obstructive sleep apnea and 33 healthy subjects of both sexes aged

between 18 and 75 years were included. In order to investigate a group of

subjects with a heterogenous cardiovascular risk profile, we did not exclude

patients with a history of coronary artery disease or stroke. However, no

patients with acute myocardial infarction or stroke were included. The patients

were referred to the Pulmonary Division, University Hospital of Zurich,

Switzerland between February 2010 and April 2011. Healthy volunteers were

recruited from among the hospital staff and college students. The study was

approved by the Research Ethics Committee of the University Hospital of

Zurich, Switzerland (EK-1734, EK-1600) and written informed consent was

obtained from all subjects.

Blood pressure
BP was measured in triplicate with a semiautomated oscillometric device

(Omron Healthcare, Kyoto, Japan) separated by 1-min intervals after resting in

supine position for 10 min in a temperature-controlled, quiet, dim room, with

the study subject in supine position. All BP measurements were taken on the

upper right arm.

BP variability
Noninvasively obtained continuous hemodynamic measurements of beat-

to-beat arterial BP were recorded with the Finometer device (Finapress

Measurement Systems, Amsterdam, The Netherlands) using a photoplethys-

mographic-arterial/volume clamp applied at the level of the right index

finger.11,21 The patients were instructed to breath regularly.

The Finometer device has been validated against intra-arterial measurements

and has been shown to accurately demonstrate BP trends12 and estimate 24 h

BPV.22 Furthermore, the Finometer has been validated using the Rica-Rocci

Korotkoff method.23 The Finometer corrects for the hydrostatic height of the

finger with respect to the heart level.24 The peak SBP was used to calculate the

interbeat intervals (IBI) in milliseconds. For statistical analysis, the beat-to-beat

values of SBP were evaluated from 5-min beat-to-beat recordings, that is, from

300 to 400 SBP values (n).

The following standard time domain measures of BPV were computed:

mean SBP in mm Hg and the root mean square of successive difference of

beat-to-beat SBP values (rMSSD-SBP) in mm Hg. The s.d. of SBP values

intervals (s.d.-SBP) in mm Hg was used to quantify the degree BPV.

Standard frequency-domain measures of BPV were computed using fast

Fourier transformation with BioTraceþ software.25 The power spectrum of

beat-to-beat BPV consists of the following bands: low-frequency spectral power

(0.04–0.15 Hz) and high-frequency spectral power (0.15–0.45 Hz).26,27 Power

was calculated in percentage of total power (%) and in absolute values of

power (mm Hg2).

A new signal-analysis technique was developed to quantify the speed of

changes in SBP (vSBP) using beat-to-beat SBP values. The vSBP was

determined by the following procedure:

The delta of changes in SBP over one IBI (DSBP1) was calculated using the

following formula:

DSBP1 ¼
P

j ðSBPIBIþ 1Þ� ðSBPIBIÞ j n� 1

ðn¼number of SBP valuesÞ
ð1aÞ

the delta of changes in SBP over two IBIs (vSBP2) was calculated using the

following formula:

DSBP2 ¼
P

j ðSBPIBIþ 2Þ� ðSBPIBIÞ j n� 1

ðn¼number of SBP valuesÞ
ð1bÞ

the average vSBP2 was quantified by dividing the DSBP2 by the number

of IBIs (two).

vSBP2 ¼DSBP2=2 ð2Þ

we followed the same procedure for determining the average speed of changes

in SBP over x IBIs (from 1–24 IBI).

To test the intra-subject reproducibility of the IBI measurement, a second

5 min Finapres recording, which was done 10 min after the first one, was

analyzed.

Cardiovascular risk assessment
Risk factors were defined as a body mass index 425 kg m�2 (World Health

Organization definition of overweight), arterial hypertension with a BP

4140/90 mm Hg,28 a cholesterol level 45 mmol l�1,29 a fasting blood

glucose level 47 mmol l�1 30 and active smoking. To investigate whether

subjects with elevated cardiovascular risk have an increased speed of changes in

SBP compared with subjects with low or no risk, subjects were grouped

according to the number of risk factors.31

Data analysis
A statistical software package was used for all calculations (SPSS for Windows,

version 11.0, SPSS, Chicago, IL, USA). Descriptive data for continuous

variables are expressed as mean and s.d.. We used repeated measures to test

the equality of means of beat-to-beat SBP changes with correlation analysis.

For further analyses, the subjects were grouped according to the number of

CVRFs and allocated to four groups (0 CVRF, 1 CVRF, 2 CVRF and X3

CVRF). Differences between groups were evaluated by using analysis of

variance. A P-value of o0.05 was considered to indicate statistical significance.

RESULTS

Patients’ characteristics
Table 1 shows the anthropometrical characteristics and the cardio-
vascular risk profile of the 122 subjects (32 females). Significant
differences between groups were observed for the variables age,
weight, body mass index, smoking pack years, mean diastolic and
mean arterial BP (Table 2).

According to the Joint National Committee on Prevention, Detec-
tion, Evaluation, and Treatment of High Blood Pressure guidelines,32

59 patients (48.4%) had a normal SBP, 49 patients (40.2%) had
prehypertension, 11patients (9.0%) had hypertension stage 1 and 3
patients (2.4%) had hypertension stage 2.

The vSBP
An example of beat-to-beat variability of SBP in a patient with three
CVRFs is shown in Figure 1. The values reflecting the speed of
changes in SBP for different IBIs are shown in Table 3. There were
significant differences between the groups regarding the vSBP1 and
vSBP2 Table 3). The vSBP2 in the four cardiovascular risk groups is
shown in Figure 2.

Table 1 Characteristics of the subjects

Study subjects

Number of subjects 122

Male/female 90/32

Age (years) 53.3 (16.4)

Height (cm) 172.9 (8.6)

Weight (kg) 81.6 (20.3)

BMI (kg m�2) 27.2 (6.0)

Pack years (n) 27.5 (28.7)

Hypertension (%) 10.6

Active smoking (%) 16.3

Overweight (%) 57.7

Diabetes (%) 11.0

Hypercholesterolemia (%) 40.7

Systolic BP (mm Hg) 124.2 (36.8)

Diastolic BP (mmHg) 74.6 (11.4)

Arterial BP (mm Hg) 91.4 (11.8)

Heart rate (min�1) 71.7 (13.9)

Abbreviations: BMI, body mass index; BP, blood pressure.
Data are presented as mean (s.d.). Hypertension, BP4140/90mmHg; overweight,
BMI425kgm�2; diabetes, fasting blood glucose level 47 mmol l�1; hypercholesterolemia,
cholesterol level 45 mmol l�1.
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Intra-subject reproducibility of the average vSBP
There were excellent agreements between the two measurements of
average vSBP for the different IBIs: vSBP1 r¼ 0.93 (Po0.001) and
vSBP2 r¼ 0.83 (Po0.001).

Time and frequency-domain measures of BPV
In Table 4, the more widely established sophisticated measures
reflecting BPV in time and frequency-domain and their correlations
with vSBP2 are presented. There was a significant correlation between
vSBP2 and mean SBP, s.d.-SBP, rMSSD-SBP, low-frequency spectral
power and high-frequency spectral power.

The degree of changes in SBP
In Table 5, measures reflecting BPV in time and frequency-domain of
the different cardiovascular risk groups are presented. There were no
significant differences between the groups regarding the degree of
changes in SBP.
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Figure 1 An example of beat-to-beat variability of systolic blood pressure

(SBP) over 32s in a patient with three cardiovascular risk factors (CVRFs).

The arrow demonstrates a DSBP value of 18 mmHg after one IBI.

Table 3 The speed of changes in SBP

0 CVRF 1 CVRF 2 CVRF X3 CVRF P-value

vSBP1 3.12 (1.09) 3.23 (1.07) 4.16 (2.26) 4.22 (1.66) 0.015

vSBP2 2.17 (0.87) 2.23 (0.76) 2.78 (1.41) 2.94 (1.18) 0.020

vSBP3 1.68 (0.83) 1.65 (0.54) 1.91 (0.94) 2.02 (0.94) 0.269

vSBP4 1.42 (0.74) 1.33 (0.41) 1.49 (0.74) 1.65 (0.82) 0.333

vSBP5 1.24 (0.66) 1.14 (0.37) 1.25 (0.61) 1.46 (0.65) 0.205

vSBP6 1.08 (0.54) 1.02 (0.35) 1.08 (0.45) 1.19 (0.44) 0.556

vSBP9 0.74 (0.26) 0.74 (0.27) 0.76 (0.31) 0.83 (0.25) 0.554

vSBP12 0.74 (0.23) 0.74 (0.21) 0.76 (0.22) 0.65 (0.25) 0.675

vSBP15 0.49 (0.19) 0.48 (0.17) 0.49 (0.18) 0.55 (0.17) 0.548

vSBP18 0.42 (0.16) 0.41 (0.14) 0.42 (0.16) 0.47 (0.16) 0.481

vSBP21 0.37 (0.15) 0.35 (0.12) 0.36 (0.13) 0.40 (0.15) 0.608

vSBP24 0.33 (0.13) 0.32 (0.11) 0.31 (0.11) 0.35 (0.13) 0.498

Abbreviations: CVRF, cardiovascular risk factor; IBI, interbeat intervals; SBP, systolic blood
pressure; vSBPx (mm Hg/IBI), the speed of changes in SBP for x IBIs (Equation 2).
Data are presented as mean (s.d.)
P-value comparing the four groups (analysis of variance, ANOVA).
Groups stratified by the number of CVRFs.
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Figure 2 Box plots showing median, the 25th and 75th percentile of the

speed of changes in SBP (vSBP) for one IBI of the subjects grouped

according to the number of cardiovascular risk factors (CVRFs; 0 CVRF:

median¼2.67, 1 CVRF: median¼2.87, 2 CVRF: median¼3.43, X3

VCRF: median¼4.01, P¼0.015).

Table 2 Characteristics of the CVR-groups

0 CVRF 1 CVRF 2 CVRF X3 CVRF P-value

Number of subjects 24 33 39 26
Male/female 14/10 28/5 26/13 22/4 0.232
Age (years) 27.6 (5.7) 53.4 (14.6) 61.8 (8.4) 63.1 (7.6) o0.001
Height (cm) 174.7 (8.2) 175.2 (7.8) 170.5 (9.0) 171.8 (8.7) 0.074
Weight (kg) 66.4 (9.8) 85.3 (21.9) 81.5 (22.0) 90.2 (15.5) o0.001
Pack years (n) 1.8 (8.1) 21.6 (27.7) 35.9 (22.7) 52.7 (26.6) o0.001
BMI (kg m�2) 21.7 (1.8) 27.7 (6.6) 27.80 (6.3) 30.5 (4.2) o0.001
Mean systolic BP (mm Hg) 115.8 (8.6) 131.8 (66.3) 122.3 (13.4) 124.5 (18.3) 0.444
Mean diastolic BP (mm Hg) 70.5 (6.5) 74.2 (12.2) 75.2 (12.4) 77.8 (11.8) 0.164
Mean arterial BP (mmHg) 78.4 (10.9) 89.4 (11.3) 91.3 (11.3) 93.7 (13.4) 0.413
Mean heart rate (min�1) 70.96 (12.0) 67.75 (11.5) 71.5 (13.4) 77.5 (17.2) 0.062
Glucose level (mmol l�1) 5.51 (3.45) 5.68 (2.33) 6.45 (3.44) 7.23 (3.23) 0.528
Cholesterol level (mmol l�1) 4.90 (1.03) 5.00 (1.30) 5.01 (2.15) 5.98 (2.22) 0.323

Abbreviations: BMI, body mass index; BP, blood pressure; CVRF, cardiovascular risk factor.
Data are presented as mean (s.d.). P-value comparing the four groups (analysis of variance, ANOVA).
Groups stratified by the number of CVRFs.
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DISCUSSION

To the best of our knowledge, this is the first study assessing both the
degree and the speed of fluctuations in SBP in a group of subjects
with a heterogenous cardiovascular risk profile using beat-to-beat
recordings of SBP. We found that the speed of fluctuations in SBP
rather than the degree of BPV is pronounced in patients with elevated
cardiovascular risk.

There is growing evidence that BPV, even in the absence of
sustained hypertension, is an independent predictor of organ damage
and cardiovascular events.7–9,33–37 BPV is usually estimated by the s.d.
or coefficient of variation of average ambulatory SBP values over 24 h.
As these conventional estimates of BPV have limited predictive power
compared with other more traditional CVRFs, Bilo and Parati20

underlined the clinical importance of refining the quantification of
BPV. As BPV includes both short-term and circadian components, the
s.d. of average ambulatory SBP values over 24 h is a very rough
indicator of the true BP dynamics. In addition, the s.d. of average
ambulatory SBP values over 24 h is influenced by the pronounced
nocturnal fall in BP and the responses to environmental stressors.
Furthermore, the s.d.-SBP values mainly reflects the degree of SBP
fluctuations not accounting for the time rate at which the changes in
SBP over the 24 h take place. To address these limitations, several new
methods have been developed in order to refine the estimation of BPV
and get quantifiable information on the speed of changes in SBP.19,33,38

In 2005, a new method to quantify the speed of changes in SBP
(ARV) was proposed by Mena et al.19 ARV was quantified by
calculating the mean of the differences between intermittent BP
measurements using data from 24 h ambulatory BP monitoring.19

Accordingly, in a large study including 8938 subjects from 11
populations, ARV was found to be a better predictor of mortality
and cardio- and cerebrovascular events than the s.d.33 In 2005,

Zakopoulos et al.39 proposed the ‘time rate of BPV’ in order to
measure how fast or how slow and in which direction SBP values
change. The ‘time rate of BPV’ was derived from 24 h ambulatory BP
monitoring and was defined as the first derivative of the SBP values
against time.39 Manios et al.40 used this index to quantify short-term
changes in SBP in 162 normotensive patients with suspected coronary
artery disease. The authors found that the ‘time rate of BPV’ is more
pronounced in patients with coronary atherosclerotic lesions
compared with controls with normal angiography.40 However, the
use of ambulatory BP monitoring has been challenged because the
time between two consecutive measurements is too long to obtain
information on the SBP changes occurring between the subsequent
measurements.20 To gain information about short-term changes in
SBP, it may be more accurate to use a sampling interval that is no
longer than the beat-to-beat interval.

Attempts to quantify the speed of SBP changes over short-time
intervals are justified by the results of Mancia et al.38 The authors
demonstrated that the slope of the rapid-and short-duration changes
in SBP was significantly and markedly greater in hypertensive subjects
than in normotensive individuals.38 To address the above-mentioned
issues, in this study we used a standardized clinical setting and
analyzed 5 min of beat-to-beat recordings of SBP. By calculating the
slopes of oscillatory fluctuations in SBP for different IBIs, we
quantified the speed of SBP (vSBP) changes. We found that the
vSBP in subjects considered to be at a high cardiovascular risk was
significantly higher than in patients with no or low cardiovascular
risk. This finding suggests that with advanced cardiovascular risk, SBP
is more prone to sudden and marked changes. Interestingly, we found
that the degree of BPV as quantified by s.d.-BPV was not associated
with cardiovascular risk. These findings may underline the
importance of the speed of changes in SBP rather than the amount
of BPV in cardiovascular disease.

BPV has been found to be increased in conditions characterized by
dysfunction of the cardiovascular autonomic nervous system and
reduced responsiveness of the baroreceptor reflex to transient rise of
BP.6 The clinical importance of sudden fluctuations in SBP has been
underlined by the fact that there is an increased incidence of acute
cardiovascular events (for example, stroke, acute myocardial infarction)
in the morning hours at the time of the pressor effect of arousal, mental
stress and anger, irregular heavy physical exertion and sexual
activity.41–43 These findings may have clinical implications because
the speed of SBP changes, rather than the amount of BPV, may
represent the damaging component of BPV.14–16,44 Fast changes in SBP
may cause acute oscillatory shear stress on the vascular wall and may
therefore facilitate endothelial dysfunction and initiation of
atherosclerosis.17,40 As vascular endothelial damage is induced by
radial and axial shear stresses, it may be reasonable to postulate that

Table 4 Correlations with vSBP2

Variable Coefficient r P-value

SBP (mm Hg) 0.28 0.031

s.d.-SBP (mm Hg) 0.60 o0.001

rMSSD-SBP (mm Hg) 0.83 o0.001

LF-power (%) 0.009 0.932

HF-power (%) �0.012 0.910

LF-power (mm Hg2) 0.243 0.025

HF-power (mmHg2) 0.391 o0.001

Abbreviations: HF-power, high-frequency spectral power; IBI, interbeat intervals; LF-power,
low-frequency spectral power; rMSSD-SBP, the root mean square successive differences of
SBP; SBP, systolic blood pressure; SBP, mean of the SBP values; s.d.-SBP, s.d. of SBP values;
vSBP2, the speed of changes in SBP after two IBIs (Equation 2).
Correlation is expressed as Pearson’s correlation coefficient (r). VLF¼0.02–0.05 Hz;
LF¼0.05–0.15Hz; HF¼0.15–0.4Hz.

Table 5 Time and frequency-domain measures of BPV

IBI (n) 0 CVRF 1 CVRF 2 CVRF X3 CVRF P-value

s.d.-SBP (mm Hg) 7.45 (3.30) 7.20 (2.99) 7.19 (2.31) 7.66 (2.27) 0.938

rMSSD-SBP (mm Hg) 2.18 (1.34) 1.85 (1.00) 1.87 (0.95) 2.14 (1.01) 0.628

LF-power (%) 38.21 (11.98) 38.03 (13.67) 38.74 (13.91) 40.53 (16.12) 0.939

HF-power (%) 51.39 (17.96) 52.17 (22.48) 51.74 (19.09) 51.31 (18.97) 0.999

LF-power (mm Hg2) 8.05 (8.54) 8.67 (11.84) 5.57 (5.07) 6.74 (6.77) 0.621

HF-power (mmHg2) 3.52 (3.09) 4.24 (4.96) 3.57 (2.23) 4.26 (2.08) 0.811

Abbreviations: BPV, blood pressure variability; CVRF, cardiovascular risk factor; HF-power, high-frequency spectral power; IBI, interbeat intervals; LF-power, low-frequency spectral power; rMSSD-
SBP, the root mean square successive differences of SBP; SBP, systolic blood pressure; s.d.-SBP, s.d. of SBP values.
Data are presented as mean (s.d.). VLF¼0.02–0.05Hz; LF¼0.05–0.15Hz; HF¼0.15–0.4Hz. P-value comparing the four groups (analysis of variance, ANOVA).
Groups stratified by the number of CVRFs.
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BP deviations in either direction are harmful.13 Chappell et al.17 found
that fast SBP changes induce expression of endothelial cell leukocyte
adhesion molecules, and, presumptively, migration into the arterial wall.
In addition, sudden oscillatory fluctuations of SBP may cause variation
of intravascular pressure on the vessel wall, resulting in vascular
remodeling and hardening of blood vessels by atherosclerosis.17–19,40

Fast fluctuations of SBP may also have a paramount effect on
cerebrovascular function. Sudden decreases in SBP may cause cerebral
ischemia,45,46 sudden increases can cause cerebral hemorrhage, ischemic
stroke46,47 and spasm in larger cerebral arteries.46,48

The vSBP is a new index for reflecting the speed of changes in SBP
that can easily be obtained in routine clinical practice and may be
regarded as a useful additional step toward a better understanding of
the characteristics of BPV. In addition, we found that the intra-subject
reproducibility of the vSBP showed good agreement and significant
correlations with the conventional measurements of BPV in both the
time and frequency domains. We therefore recommend using the
vSBP by calculating the slopes of oscillatory fluctuations in SBP for
different IBIs in future studies on this topic.

The present study has certain limitations that need to be taken into
account. The design of this study does not allow to establish a causal
relationship between the speed of SBP fluctuations and cardiovascular
disease. Increased BPV often clusters with established CVRFs, such as
older age, hypertension and diabetes mellitus. Increased BPV is
associated with the prevalence of acute cardiovascular events, but
cardiovascular disease at the same time increases BPV. This makes
disentangling the independent effects of CVRFs on BPV a daunting
task. Finally, more studies on beat-to-beat SBP measurements in
different cohorts of patients at cardiovascular risk are needed to assess
its clinical usefulness.

In conclusion, we found that the speed of fluctuations in SBP,
rather than the degree of BPV, is pronounced in patients with elevated
cardiovascular risk. Increased speed of BP fluctuations may thus be a
contributing mechanism to cardiovascular morbidity.
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