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Estimation of central systolic blood pressure using
an oscillometric blood pressure monitor

Hao-Min Cheng1,2, Kang-Ling Wang2,3, Ying-Hwa Chen2,3, Shing-Jong Lin1,4, Lung-Ching Chen2,3,
Shih-Hsien Sung2,3, Philip Yu-An Ding2,3, Wen-Chung Yu2,3, Jaw-Wen Chen1,4 and Chen-Huan Chen1,2,4

Current noninvasive techniques for assessing central aortic pressure require the recording of an arterial pressure wave using a

high-fidelity applanation tonometer. We therefore developed and validated a novel method to estimate the central aortic systolic

pressure using an oscillometric blood pressure monitor alone. Invasive high-fidelity right brachial and central aortic pressure

waves, and left-brachial pulse volume plethysmography from an oscillometric blood pressure monitor, were obtained at baseline

and 3min after administration of sublingual nitroglycerin in 100 patients during cardiac catheterization. In the initial 50

patients (Generation Group), Central systolic blood pressure was predicted by a multi-variate prediction model generated from

the comprehensive analysis of the invasive brachial pressure wave, including brachial late-systolic shoulder pressure value and

parameters related to wave reflection and arterial compliance. Another prediction model was similarly constructed from the

noninvasively calibrated pulse volume plethysmography. Both models were validated in the subsequent 50 patients (Validation

Group) with results: r¼0.98 (Po0.001) and mean difference¼0.5±4.5 (95% confidence interval �8.3 to 9.3) mmHg for the

invasive model, and r¼0.93 (Po0.001) and mean difference¼�0.1±7.6 (95% confidence interval �15.0 to 14.8) mmHg for

the noninvasive model. Thus, our results indicate that central aortic systolic blood pressure could be estimated by analysis of

the noninvasive brachial pressure wave alone from an oscillometric blood pressure monitor.
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INTRODUCTION

Aortic and carotid systolic and pulse pressures, commonly referred to
as the central blood pressure, may be different from the peripheral
pressure in the radial and brachial arteries.1,2 The discrepancy between
the central and peripheral blood pressures is mainly caused by the
central-to-peripheral amplification of the pressure pulse and may
magnify with administration of vasoactive agents.2–4 Furthermore,
recent evidence from epidemiological studies,5,6 clinical observation,7

and a large clinical trial8 suggest that central blood pressure is more
relevant than peripheral blood pressure in predicting target organ
damage and cardiovascular outcomes. However, the implementation
of central blood pressure in the daily practice of hypertension
management may require the availability of its reliable measurements
to both medical care providers in the clinics and patients at home.
Central blood pressure can be estimated noninvasively from the

radial or carotid pressure waves recorded by applanation tonometry.6,9

To obtain central blood pressure, the radial pressure wave calibrated
with brachial cuff systolic blood pressure (SBP) and diastolic blood
pressure (DBP) can be mathematically transformed into a central
aortic pressure wave using a generalized transfer function.9,10 Alter-
natively, identification of the late systolic shoulder (SBP2) of the

calibrated radial pressure wave, firstly proposed by Takazawa et al,2

can be used directly to approximate central SBP without the need for a
generalized transfer function.11–14 In either approach, a high-fidelity
arterial tonometer is required to obtain faithful recording, in addition
to an oscillometric blood pressure monitor. Therefore, we developed
and validated a novel method to estimate the central aortic SBP using
the oscillometric signals from an oscillometric blood pressure monitor.

METHODS

Study population
Subjects referred for diagnostic catheterization for coronary anatomy through

radial approach were potential candidates of the study. Subjects were not

included if they had acute coronary syndrome, peripheral arterial disease,

rhythms other than normal sinus rhythm, or more than 3mmHg pressure

difference between left and right arms. The enrollment of the study subjects was

prospective but not consecutive, depending on the daily schedules of the

cardiac catheterization and the investigators. Mid-upper arm circumferences,

height, waistline, body weight, and personal medical history were obtained

before the cardiac catheterization. The study protocol adhered to the principles

of the Declaration of Helsinki and was approved by the Institutional Review

Board at Taipei Veterans General Hospital. Informed consent was obtained
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from all patients. A total of 100 subjects fulfilled the inclusion and exclusion

criteria and completed the study. Their characteristics are given in Table 1. The

first 50 subjects were designated as the Generation Group (age range 36–82

years) to produce the invasive and non-invasive prediction models. The

subsequent 50 subjects were prospectively enrolled to serve as the Validation

Group (age range 29–90 years) for assessing the performance of the prediction

models. The two Groups differed slightly in the arm circumference, diagnosis of

hypertension and coronary artery disease and the cuff DBP values (Table 1).

Study protocol
With the study subject resting on the catheterization table, cuff blood pressure

values over both arms were simultaneously obtained to ensure minimal

pressure difference between both arms and the absence of peripheral arterial

disease, using a commercially available oscillometric blood pressure monitor

(VP-2000, Colin Corporation, Komaki, Japan) with cuff size of 11�20 cm,

13�24.5 cm or 15.5�34 cm, corresponding to arm circumference of 17 to

23 cm, 20 to 32 cm and 30 to 38 cm, respectively. After taking two consecutive

measurements of cuff blood pressure, the blood pressure monitor performed

the pulse volume recording, also known as pulse volume plethysmography

(PVP), at user-defined levels of cuff pressure. The validity and reproducibility

of the device have been documented.15 The recorded cuff pressure signals

during PVP have been found to correspond to the intra-arterial pressure

contours.16 The cuff blood pressure readings were the averages of two

consecutive measurements.

No sedatives or premedications were used before or during the catheteriza-

tion procedure. After local injection of 2–3 cc 1% lidocaine and successful

placement of a 6F arterial sheath in the right radial artery, 2.5mg verapamil was

administered intra-arterially to prevent vasospasm during the catheterization.

Subsequently, a 2F micromanometer-tipped catheter (model SPC-320, Millar

Instruments, Houston, TX, USA) within a standard 6F Judkins coronary artery

catheter was advanced until its tip was positioned in the right brachial artery at

the level of mid-humerus. The micromanometer has a flat frequency response

from 0 to 1000Hz. The frequency range of our catheterization laboratory

amplifier is 0–400Hz for pressure measurement (�50 to 400mmHg) with the

accuracy of ±1mmHg or ±3% exclusive of transducer. Baseline invasive

brachial pressure waves were recorded for consecutive 20–30 beats to cover at

least two respiratory cycles. Afterwards, the catheter was advanced further to the

ascending aorta in less than 10 s. The central aortic pressure waves were then

recorded simultaneously with left-arm PVP performed at mean cuff pressure

of 60mmHg for 30 s, followed by automatic measuring of the left brachial

cuff blood pressures. Subsequently, a sublingual nitroglycerin (NTG) was

administered. Three minutes later, the left brachial cuff blood pressures were

measured again, followed by simultaneous recording of the central aortic

pressure waves and left-arm PVP. Immediately after the completion of the

post-NTG PVP, the micromanometer catheter was pulled back until its tip was

at the level of mid-humerus for recording of 20–30 beats of invasive brachial

pressure waves, and then was removed to continue the routine diagnostic

coronary angiography. The study procedure, from cannulation of right radial

artery to removal of the micromanometer catheter, could be completed in less

than 10min. All signals were digitized instantaneously at a sampling frequency

of 250Hz for off-line analysis. Left ventricular ejection fraction (LV EF) was

routinely measured from single-plane left ventriculogram after diagnostic

coronary angiography.

Data analysis
The digitized signals were analyzed using custom-designed software on a

commercial software package (Matlab, version 4.2, The MathWorks, Natick,

MA, USA). All processed individual signals were subject to fully automatic

batch analysis to avoid inter- and intra-observer variations. Consecutive 20–30

beats of the sequentially derived brachial and aortic pressure waves were signal

averaged to one beat, respectively. Aortic SBP and DBP were the peak value

and value at end-diastole of the averaged pressure wave, respectively, and the

difference was aortic pulse pressure (PP). Aortic mean blood pressure (MBP)

was determined from the total area under the averaged pressure curve. Heart

rate was calculated from the cardiac cycle length, which was equivalent to the

length of the pressure curve. Brachial SBP, DBP, PP, and MBP were similarly

obtained from the averaged brachial pressure wave.

Because arterial wave reflection and arterial compliance are the major

determinants of the central-to-peripheral amplification of the pressure pulse,3

the brachial pressure wave was further comprehensively analyzed to identify

parameters, which are associated with arterial wave reflection and arterial

compliance. SBP2 resulting from the arterial wave reflection was determined

from the zero-crossing timings of the fourth derivative of the pressure wave.2

Based on a two-element Windkessel model assuming a linear pressure volume

relation, total arterial compliance (C) can be estimated from a central aortic

pressure wave using the equation:

C ¼ SV=½k ðPes� PdÞ�

where SV¼stroke volume, Pes¼pressure at onset of diastole, Pd¼pressure at

end-diastole, and k was the sum of areas under the pressure tracing in diastole

(Ad) and in systole (As) divided by Ad.17 Except for SV, the remaining

parameters, including Pes, Pd, Ad and As, are obtained from a central aortic

pressure wave. Pes, Pd, Ad and As were therefore considered as correlates of

C. We have found that Pes, Pd, Ad, and As obtained from a brachial pressure

wave can also be used to calculate C with good correlation (r40.9, Po0.01,

unpublished data). Therefore, brachial Pes, Pd, Ad and As were also considered

as correlates of C (Figure 1).

Brachial DBP was considered as the pressure at end-diastole. Brachial end-

systolic pressure (ESP) (Figure 1a) was determined from a proprietary algo-

rithm involving the first derivative of the pressure wave. The areas under the

brachial pressure curve in diastole (Ad) and systole (As) (Figure 1a) were

measured separately. All parameters, including SBP2, brachial DBP, ESP, Ad, As

and heart rate derived from the analysis of the invasive brachial pressure wave

were potential components to be used to construct a multivariate prediction

model to estimate the invasively measured central aortic SBP.

Consecutive 20–30 beats of left brachial PVP obtained simultaneously with

the aortic pressure waves were signal averaged. To develop the noninvasive

Table 1 Subject characteristics

Characteristics

Generation group

(n¼50)

Validation group

(n¼50) P-value

Male sex, % 78 70 NS

Age, years 62.1±12.6 61.6±13.9 NS

Height, cm 163.9±8.6 162.3±7.7 NS

Left arm circumference, cm 27.7±2.4 28.5±2.7 0.027

Body mass index, kg m–2 25.8±3.0 26.6±3.3 NS

Left ventricular ejection fraction, % 55.4±8.6 55.2±7.6 NS

Smoking, % 26 22 NS

Hypertension, % 54 68 0.043

Type II diabetes mellitus, % 14 20 NS

Coronary artery disease, % 42 56 0.048

Baseline blood pressures, mmHg

Brachial SBP 137.4±20.0 133.3±19.9 NS

Brachial MBP 98.2±13.2 95.4±12.5 NS

Brachial DBP 73.4±10.6 70.8±10.1 NS

Brachial PP 63.9±17.2 62.5±17.3 NS

Aortic SBP 126.2±20.8 123.8±20.5 NS

Aortic MBP 95.7±13.3 93.3±12.9 NS

Aortic DBP 72.4±11.8 69.7±10.9 NS

Aortic PP 53.8±18.1 54.1±17.7 NS

Cuff SBP 132.8±18.2 128.8±18.0 NS

Cuff MBP 100.7±14.9 97.4±14.2 NS

Cuff DBP 77.0±12.1 72.9±10.3 0.011

Cuff PP 55.9±10.3 55.9±11.7 NS

Baseline heart rate, beats/min 70.4±13.0 67.2±11.1 NS

Abbreviations: DBP, diastolic blood pressure; MBP, mean blood pressure; NS, non-significant;
PP, pulse pressure; SBP, systolic blood pressure.
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prediction model, the averaged PVP was calibrated by matching the

oscillometric cuff SBP and DBP. The calibrated averaged PVP wave was

analyzed using techniques (Figure 1b) similar to those for the analysis of the

brachial pressure wave.

To validate the accuracy of the automated identification of SBP2 and ESP on

the PVP wave, we timed the intervals from wave foot to peak of the reflection

wave and from wave foot to end-systole on the simultaneously recorded aortic

pressure and then applied the measured intervals directly to the PVP wave to

identify the reference SBP2 and end-systolic pressure.12

Statistical analyses
Correlation coefficients between the parameters from the invasive and non-

invasive brachial pulse wave analysis and the invasive aortic SBP were

calculated. The statistical significance of the difference between two correlation

coefficients was examined by calculating the z-statistic.18 Stepwise multiple

linear regression analysis was used to select the best parameters from the

Generation Group to construct the invasive and noninvasive multivariate

prediction models for the estimation of the invasive aortic SBP. Comparisons

of paired blood pressure values and their differences were performed using

paired Student’s t-test. Agreements between the measured and predicted aortic

SBP values were examined using the Bland–Altman analysis. The effects of age,

sex, height, weight, waistline, LV EF, heart rate, arm circumference and use of

NTG on the performance of the prediction models were examined by multi-

variate linear regression analysis. Statistical significance is declared at the two-

tailed Po0.05 level.

RESULTS

Generation of the invasive prediction model (Generation group,
n¼50)
All parameters except for heart rate from the analysis of the invasive
brachial pressure wave, including SBP, MBP, DBP, SBP2, ESP, As and
Ad, correlated significantly with the invasive aortic SBP (Supplemen-
tary Table S1). A multivariate prediction model to predict the aortic
SBP at steady state and after NTG using significant independent
parameters from the invasive brachial pressure wave analysis was
constructed as follows:

Predicted aortic SBP ¼ 0:690� SBP2+ 0:440� ESP

+ 0:157�As� 0:223�Ad� 2:298

The full model R2 was 0.96 and the partial R2 for SBP2, ESP, As and
Ad were 0.92, 0.02, 0.01 and 0.01, respectively. Thus, the relative
contributions from SBP2 and the remaining components as a whole of
the waveform analysis to the explained variance of the model were
95.8% (0.92/0.96) and 4.2%, respectively. Addition of age, sex, height,
weight, arm circumference, LV EF or heart rate to the model did not
significantly improve the prediction (data not shown).

Generation of the noninvasive prediction model (Generation
Group, n¼50)
All parameters except for heart rate from the analysis of the PVP
waveforms calibrated by the cuff SBP and DBP, including SBP, MBP,
DBP, SBP2, ESP, As and Ad, correlated significantly with the invasive
aortic SBP (Supplementary Table S1). A second multivariate predic-
tion model was constructed as follows:

Predicted aortic SBP ¼ 0:465� SBP2+ 0:465� ESP

+ 0:490�As� 0:069�Ad� 0:753

The full model R2 was 0.85 and the partial R2 for SBP2, ESP, As and
Ad were 0.78, 0.05, 0.01 and 0.01, respectively. The relative contribu-
tions from SBP2 and other components of the waveform analysis to
the explained variance of the model were 91.8% (0.78/0.85) and 8.2%,
respectively.

Validation of the prediction models (validation group, n¼50)
In another 50 study subjects, brachial, aortic and oscillometric
SBP declined by 10.1±12.7mmHg, 13.4±15.1mmHg and
10.0±12.5mmHg, respectively, after NTG. The invasive brachial
SBP, MBP and PP were significantly higher than the corresponding
aortic SBP, MBP and PP, and the brachial–aortic pressure differences
magnified substantially for SBP and PP after NTG (Table 2). In
contrast, the invasive brachial SBP2 approximated aortic SBP at
baseline and after NTG with a relatively constant small overestimation
(Table 2).
Cuff blood pressures significantly underestimated brachial SBP and

PP at baseline and after NTG (Table 2). Overall, a bias of 4.5mmHg
and the limits of agreement of �21.2 to 12.2mmHg were derived for
the cuff SBP vs. the brachial SBP when data at baseline and after NTG
were combined. Similar to brachial SBP, cuff SBP significantly over-
estimated aortic SBP and the overestimation magnified after NTG.
The difference between cuff PP and aortic PP also magnified after
NTG (Table 2). Although the mean differences between PVP SBP2 and
aortic SBP were small at baseline and after NTG, the s.d. for the
difference were large (Table 2).
The bias and confidence limits of the estimation for aortic SBP by

brachial and cuff SBP and SBP2 and the prediction models are
summarized in Table 3. Although the invasive brachial SBP signifi-
cantly correlated with the invasive aortic SBP, a large bias and wide
limits of agreement were observed (Table 3, Figure 2a). The bias and
the agreement limits substantially reduced with brachial SBP2
(Table 3, Figure 2b). With the invasive model, the bias and the
agreement limits further reduced (Table 3). The mean difference
between the predicted and observed aortic SBP was not significantly
greater than 0mmHg, and was significantly smaller than that between
brachial SBP2 and aortic SBP at baseline and after NTG (all Po0.001)
(Table 3, Figure 2c). The correlation between the measured and
predicted aortic SBP by the invasive prediction model (Figure 2c)
was significantly better than that by invasive SBP2 alone (Figure 2b)
(Po0.001). In addition, the Bland–Altman analysis indicated that
there was no systemic bias of estimation with different levels of
estimated values.

DBP

ESP

a b

As

SBP2

DBP

ESP

As

SBP2
Brachial Pulse Wave Brachial PVP

Ad Ad

Figure 1 Parameters identified from the brachial pulse (a) and the pulse

volume plethysmography (PVP) (b) waveforms for the prediction of aortic

systolic blood pressure. Ad, the area under curve during diastole; As, the

area under curve during systole; DBP, pressure value at end-diastole; ESP,

end-systolic pressure, pressure value at onset of diastole; SBP, systolic blood

pressure; SBP2, pressure value of the late systolic shoulder produced by

wave reflections.
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Compared with the invasive brachial SBP, the cuff SBP showed a
smaller bias but greater scattering in the estimation of invasive aortic
SBP (Table 3, Figure 3a). Although the bias substantially reduced with

PVP SBP2, the agreement limits remained large (Table 3, Figure 3b).
With the noninvasive model, the agreement limits further reduced
(Table 3). The overall agreement limits for steady state and after NTG
were �15.0 to 14.8mmHg (Figure 3c). The mean difference between
the predicted and observed aortic SBP was not significantly greater
than 0mmHg, and was significantly smaller than that between PVP
SBP2 and aortic SBP at baseline and after NTG (all Po0.01) (Table 3,
Figure 3c). The correlation between the measured and predicted aortic
SBP by the noninvasive prediction model (Figure 3c) was significantly
better than that by PVP SBP2 (Figure 3b) (Po0.001). Similar to the
invasive model, the Bland–Altman analysis indicated that there was no
systemic bias of estimation by the noninvasive model with different
levels of estimated values.

Technical issues related to the PVP waveform analysis
Inflection point identification. In this study population of 100 sub-
jects with a total of 200 recorded PVP waveforms (baseline and after
NTG administration), an inflection point (for the determination of
SBP2) on the PVP waves was visually discernible in 89 subjects at
baseline, and 51 subjects after NTG (70% of all PVP waveforms),
respectively. Although SBP2 was not always visually discernible on the
PVP waves, all SBP2 could be objectively identified by determining the
zero-crossing timings of the fourth derivative of the PVP wave
(Supplementary Figure S1). The time interval (231.4±33.4ms)
from foot to peak of reflection wave (SBP2) on PVP waveforms was
slightly longer than the corresponding time interval (216.5±40.0ms)
on the simultaneously obtained aortic pressure waves. The estimated
potential error in the prediction of aortic SBP from the identification
of SBP2 on PVP waves alone was �0.7±1.7mmHg.

End-systole identification. In the same way, the time interval
(348.2±38.3ms) from foot to end-systole on PVP waves was longer

Table 2 Comparisons between aortic, brachial, cuff and calibrated pulse volume plethysmography pressure values in the validation group

(n¼50)

Baseline After NTG

Pressure difference, mmHg Mean±s.d. 95% CI Mean±s.d. 95% CI

Brachial pressure—aortic pressure

Brachial SBP—aortic SBP 7.8±5.3*** �2.6B18.2 11.1±6.9*** �2.4B24.6

Brachial MBP—aortic MBP 2.3±3.1*** �3.8B8.4 2.0±4.5** �6.8B10.8

Brachial DBP—aortic DBP 1.4±3.9* �6.2B9.0 0.7±3.7 �6.6B8.0

Brachial PP—aortic PP 6.4±6.1*** �5.6B18.4 10.4±6.8*** �2.9B23.7

Brachial SBP2—aortic SBP 2.5±4.4*** �6.1B11.1 3.5±5.9*** �8.1B15.1

Cuff pressure—brachial pressure

Cuff SBP—brachial SBP �4.5±7.2*** �18.6B9.6 �4.5±9.7** �23.5B14.5

Cuff MBP—brachial MBP 2.7±7.7* �12.4B17.8 1.2±6.9 �12.3B14.7

Cuff DBP—brachial DBP 3.7±6.1*** �8.3B15.7 0.6±8.1 �15.3B16.5

Cuff PP—brachial PP �8.2±7.8*** �23.5B7.1 �5.0±13.3* �31.1B21.1

Cuff pressure—aortic pressure

Cuff SBP—aortic SBP 3.3±8.3** �13.0B19.6 6.7±10.2*** �13.3B26.7

Cuff MBP—aortic MBP 5.0±8.0*** �10.7B20.7 3.2±8.2** �12.9B19.3

Cuff DBP—aortic DBP 5.1±6.7*** �8.0B18.2 1.3±9.1 �16.5B19.1

Cuff PP—aortic PP �1.9±9.3 �20.1B16.3 5.4±12.7** �19.5B30.3

PVP pressure—aortic pressure

PVP SBP2—aortic SBPa �0.5±8.0 �16.2B15.2 2.4±11.4 �19.9B24.7

Abbreviations: DBP, diastolic blood pressure; MBP, mean blood pressure; NTG, sublingual nitroglycerin; PP, pulse pressure; PVP, pulse volume plethysmography; SBP, systolic blood pressure; SBP2,
pressure value of the late systolic shoulder produced by wave reflections.
All values are shown as mean±s.d.
*Po0.05; **Po0.01; ***Po0.001.
aCalibrated by cuff SBP and DBP.

Table 3 Bias and confidence limits of estimation for aortic sbp by

brachial and cuff SBP and SBP2 and the prediction models in the

validation group (n¼50)

Bias, mmHg

95% CI,

mmHg r

Brachial SBP

Baseline 7.8 �2.6B18.2 0.97***

After NTG 11.1 �2.4B24.6 0.92***

Brachial SBP2

Baseline 2.5 �6.1B11.1 0.98***

After NTG 3.5 �8.1B15.1 0.95***

Invasive Multivariate Model

Baseline �0.3 �7.9B7.3 0.98***

After NTG 1.3 �8.3B10.9 0.96***

Cuff SBP

Baseline 3.3 �13.0B19.6 0.92***

After NTG 6.7 �13.3B26.7 0.81***

PVP SBP2a

Baseline �0.5 �16.2B15.2 0.93***

After NTG 2.4 �17.4B22.2 0.81***

Noninvasive Multi-variate Model

Baseline �0.3 �15.0B14.4 0.94***

After NTG 0.2 �15.1B15.5 0.90***

Abbreviations: Bias, difference between the pressure value and aortic SBP; NTG, sublingual
nitroglycerin; PVP, pulse volume plethysmography; r, correlation coefficient; SBP, systolic blood
pressure; SBP2, pressure value of the late systolic shoulder produced by wave reflections.
***Po0.001.
aCalibrated by cuff SBP and DBP.
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than the corresponding time interval (314.9±36.2ms) on the simul-
taneously obtained aortic pressure waves. The estimated potential
error in the prediction of aortic SBP from the identification of end-
systolic pressure on PVP waves alone was 0.3±1.0mmHg. When
applying the aortic timings of both SBP2 and end-systolic pressure on
the PVP waves, the estimated potential error in the prediction of
aortic SBP was �0.4±2.0mmHg.

DISCUSSION

This study successfully developed and validated a novel method to
estimate the central aortic SBP by analyzing the oscillometric signals
from an oscillometric blood pressure monitor. The study confirmed
that SBP2 measured from a peripheral pressure wave approximates
central aortic SBP,11–14 and extended that approximation of brachial
SBP2 to aortic SBP can further be improved by the comprehensive
analysis of the radial or brachial pressure waves. The study also clearly
showed that the major source of errors in the noninvasive estimation
of central blood pressure was from the variability of the oscillometric
cuff blood pressure measurement, which was particularly prominent
after the administration of vasoactive agents.
Brachial SBP correlated with aortic SBP significantly (r¼0.95,

Po0.001 in the Validation Group, Figure 2a) but the estimation of
aortic SBP with brachial SBP alone generated large individual varia-
tion (Figure 2a). Combining brachial SBP2 with other parameters
from the brachial waveform analysis further improved the prediction
(r¼0.98, Po0.001, Figure 2c). Although the incremental contribution

from the waveform analysis other than the identification of SBP2 may
appear small (4.2%), it was statistically significant (Po0.001) and may
be critical for the noninvasive application. The seemingly small
prediction improvement may help reduce the large individual varia-
tion introduced from the inaccuracy of oscillometric SBP and DBP to
a clinically acceptable level.
The multivariate invasive and noninvasive brachial pressure wave

prediction models clearly showed that brachial SBP2 was the pre-
dominant correlate of aortic SBP, with additional independent con-
tribution from correlates of the total arterial compliance.17 Therefore,
our results support that peripheral SBP2 closely approximates central
aortic SBP,11–14 and that central SBP may be increased by increased
augmentation index, decreased arterial compliance, and increased
arterial stiffness.3,19

In this study, heart rate was not significantly associated with central
aortic SBP and did not contribute to the prediction models. Although
increased heart rate is associated with decreased augmentation
index,20 decreased arterial compliance,21 and increased arterial stiff-
ness,22 incremental pacing was not associated with change of the
central SBP.20 This is probably because heart-rate-associated changes
in wave reflections and arterial compliance have opposite effect on the
central SBP. Because the variation of heart rate was not large enough
in this study, assessment of the impact of heart rate on central SBP
may require further studies.
The performance of the current PVP method is considered clinically

acceptable because the limits of agreement (�15.0 to 14.8mmHg)
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Figure 2 Bland–Altman analyses in the Validation Group (n¼50). Data combine baseline and after sublingual nitroglycerin administration measurements.

(a) agreement between invasive brachial systolic blood pressure (SBP) and measured aortic SBP; (b) agreement between invasive brachial pressure value of

the late systolic shoulder (SBP2) and measured aortic SBP; (c) agreement between measured and predicted aortic SBP by the invasive brachial

pressure wave prediction model; Dashed lines indicate the boundaries of two s.d. of the differences. Solid line indicates mean of the differences.

CI, confidence interval.
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were not larger than those for the cuff SBP vs. invasive brachial SBP
(�21.2 to 12.2mmHg) and the mean difference (Figure 3c) between
the predicted and measured aortic SBP was ±5mmHg or less with a
s.d. of 8mmHg or less (Association for the Advancement of Medical
Instrumentation criteria).23 The mean difference and s.d. were also
comparable with those of the radial tonometry using a generalized
transfer function (mean difference¼�13.3±15.1mmHg)24 or by
identifying the radial SBP2 (mean difference¼�11.7±7.1mmHg).14

The large s.d. between the predicted and observed aortic SBP in the
present and previous studies were mainly introduced by the large
variations between the indirect cuff blood pressure and the direct
invasive brachial blood pressure.14,24 Large variations between the
indirect and direct blood pressure measurements have been well
recognized.25–28 A previous study assessing the accuracy of indirect
blood pressure measurements at steady state clearly showed that the
indirect methods underestimated SBP and overestimated DBP
compared with the direct method, with s.d. of 10.5/7.6mmHg
(SBP/DBP), 9.7/8.9mmHg and 8.1/6.5mmHg with the oscillometric
method, microphone method and the auscultatory method, respec-
tively.26 In this study, the accuracy of the oscillometric blood pressure
monitor was reasonably good as shown by s.d. for SBP/DBP of 7.2/
6.1mmHg at steady state and 9.7/8.1mmHg after NTG administra-
tion, respectively (Table 2).
Although brachial blood pressure measurements using oscillometric

or Korotkov method cuff sphygmomanometers are limited in accuracy
and precision,25 the oscillometric arm blood pressure monitors are

valuable and indispensable for the management of hypertension and
are recommended for home blood pressure monitoring.29 Our study
reconfirmed that the oscillometric method substantially underesti-
mates brachial SBP and overestimates brachial DBP, while providing
reasonably good estimates of the brachial MBP.14,26,30 Although all
current noninvasive methods for the estimation of aortic pressure are
affected by the limited accuracy of the oscillometric blood pressure
monitors,31,32 the clinical values of the central blood pressure
estimates remain evident.5,7,8

Because brachial SBP2 represents a very significant weight in both
the invasive and noninvasive prediction models, the accurate identi-
fication of SBP2 on a peripheral pulse without visible late systolic peak
may deserve concerns. The identification of SBP2 on a radial pressure
waveform may be difficult when it is close to the end-systolic pressure
as with nitroglycerin, in youth, with tachycardia, and in systolic heart
failure.33 In a large cohort study of 10269 participants, SBP2 on a
pressure waveform obtained by a high-fidelity tonometric contact
sensor on the radial artery could be identified by the inbuilt software
in 98.2% of the recordings with a strong correlation (r¼0.99,
Po0.001) with the noninvasively derived central SBP.34 Estimation
of central SBP from radial SBP2 was less accurate at low SBP values
and the estimation could be further improved by inclusion parameters
such as augmentation index, heart rate, MBP, aortic pulse wave
velocity and underline medical history.34 Thus, their and our results
clearly show that the identification of peripheral SBP2 is feasible in
most subjects and the approximation of central SBP by peripheral
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Figure 3 Bland–Altman analyses in the Validation Group (n¼50). Data combine baseline and after sublingual nitroglycerin administration measurements.

(a) agreement between cuff systolic blood pressure (SBP) and measured aortic SBP; (b) agreement between the late systolic shoulder of the calibrated pulse

volume plethysmography waveform (PVP SBP2) and measured aortic SBP; (c) agreement between measured and predicted aortic SBP by the non-invasive

brachial pressure wave prediction model; Dashed lines indicate the boundaries of two s.d. of the differences. Solid line indicates mean of the differences.

CI, confidence interval.
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SBP2 can be further improved with various strategies, such as the
comprehensive waveform analysis proposed by this study.

Limitations of this study
Although the Generation and Validation Groups were independently
enrolled, their characteristics were similar. Therefore, the external
validity of the proposed invasive and noninvasive prediction models
might still be limited. The recordings of the invasive brachial and
aortic pressure waves were not simultaneous. Because there were only
small differences between the measured brachial and aortic MBP and
DBP and the performance of the invasive model was comparable with
the generalized transfer function approach for the simultaneously
recorded aortic and radial pressure waveforms,35 the hemodynamic
changes between the measurements at the two arterial sites might be
negligible. Although the PVP waveform has limited frequency
response and its inflection point after NTG was subjectively visible
in only half of the measurements in this study, it could be auto-
matically detected in all cases when using the well-documented zero-
crossing timings of the fourth derivative of the pressure wave.2 The
robustness of the current fourth derivative method has been partially
validated in this study by showing a small error in the measurement of
the interval from wave foot to peak of the reflection wave on the PVP
wave with reference to the equivalent interval on the simultaneously
recorded aortic pressure, and the small impact on the prediction of
central SBP from the error. The observed accuracy of the estimation
for central SBP by the noninvasive prediction model in the Validation
Group also implies that the accuracy of the fourth derivative method
is acceptable. Because the proposed models were generated from and
validated in subjects receiving diagnostic catheterization in supine
position, generalization of the models to younger subjects and those in
sitting position may require further validation.
In conclusion, central aortic systolic pressure could be estimated

with acceptable accuracy and precision by analysis of the noninvasive
brachial pressure wave from an oscillometric blood pressure monitor.
This innovation can be built into most oscillometric blood pressure
monitors and may expedite the use of central blood pressure in the
management of hypertension.
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