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Effects of pressure-dependent segmental arterial compliance and
postural changes on pulse wave transmission in an arterial model
of the human upper limb

Ke Xu, Mark Butlin, Alberto P. Avolio

Abstract—With increasing interest in the effect of postural
changes on arterial blood pressure and vascular properties, it is
important to understand effects of pressure-dependent arterial
compliance. This study investigates effects of pressure-
dependent compliance on pulse wave velocity (PWVar),
pressure wave shape, and transmission characteristics in an
arterial model of the human arm from heart to radial artery
from supine to standing. Estimated central pressure waveform
was used as the input for the model, calculated using a validated
transfer function (SphygmoCor, AtCor Medical) from recorded
radial pulses in 10 healthy male subjects (53.8+7.9 years) during
0, 30, 60 and 90 degree head-up tilt. A 5-segment linear model
was optimized using estimated central and recorded radial
arterial pulse; each segment represented by an equivalent
inductance, resistance and capacitance (compliance (C))
Pressure-dependent compliance (C(P)=a-¢"t was added to
develop a nonlinear model, and the radial pulse calculated.
Comparison of the radial pulse calculated by the linear and
nonlinear models showed no statistical difference in systolic,
diastolic, mean, and pulse pressure in any position of tilt.
However, waveform shape was increasingly divergent at higher
angles of tilt (RMS error 2.3+1.2 mmHg supine, 6.5+3.0 mmHg
standing) as was PWVar (0% increase from supine to standing
in the linear model, 16.7% increase in nonlinear model). Fourier
analysis demonstrated peak amplitude of transmission being at
higher frequencies and phase delay being lower in the nonlinear
model relative to the linear model. Pressure-dependent arterial
compliance, whilst having no effect on peak values of pressure,
has significant effects on waveform shape and transmission
speed, especially with a more upright position.

[. INTRODUCTION

levated central aortic blood pressure is associated with

independent cardiovascular risk factors, namely systemic
vascular stiffness and wave reflection [1], [2]. Accurate
noninvasive estimation of central aortic pressure can be made
by measuring the calibrated peripheral blood pressure wave
contour and wusing a consistent linear mathematical
transformation. This method of non-invasive estimation of
aortic blood pressure has been validated, and reliably predicts
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transient changes in blood pressure [3]-[5]. Lumped and
distributed electric element models have been constructed for
estimation of central parameters based on similar
mathematical principles. These models, due to their
compartmental nature, are able to predict additional
time-dependent hemodynamics features such as pulse
waveform features and pulse wave velocity (PWVar) [4], [6].
Nonlinear models with pressure-dependent artery wall
elasticity have been shown to improve the estimation of
transmission characteristics [9], especially when there are
large pressure changes, as occurs with the gravitational
effects of postural changes on the arterial blood columns.
There is growing interest in the association of PWVar and
baroreflex mechanism in orthostatic changes in blood
pressure [10]-[12]. The effect of postural position could be
utilized to study the properties of pressure pulse propagation
in a nonlinear distributed electric model which may facilitate
the central pressure estimation. In this study, a comparison
between linear and nonlinear modeling in the arterial path
from heart to radial artery was made during a head-up tilt test.

II. METHODOLOGY

A. Measured postural data

10 male subjects (53.8+£7.9 years) were recruited for the
study. Participants were normotensive and free from
conventional cardiovascular risk factors. Central (aortic)
blood pressure was estimated using a validated transfer
function [3]-[5] using a recorded radial artery pulse
waveform from the left arm (SphygmoCor, Atcor Medical,
Sydney, Australia). The radial waveform was acquired
non-invasively using a tonometer placed over the radial artery,
the waveform calibrated to systolic and diastolic blood
pressure values acquired from brachial blood pressure
measured by a standard, clinical oscillometric blood pressure
device (Microlife BP A100, Switzerland). The measurement
of the radial pulse and estimation of central blood pressure
was made with the subject in 4 positions on a tilt table: supine,
30 degree tilt, 60 degree tilt, and standing. Measurements
were taken after 5 minutes rest in each position. Recruitment
and all procedures were approved by the Macquarie
University Human Ethics Committee.

B. Simulated postural data

Linear and nonlinear distributed electric models of the
vascular pathway from heart to the site of radial tonometry
were constructed. The models were based on 5 arterial
segments: ascending aorta; aortic arch; left axillary (including
the subclavian artery); brachial artery; radial artery.
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Fig. 1. Model of arterial pathway from heart to radial artery. 5 electrical segments correspond to arterial segments with the termination component analogous
to all arterioles, capillary and venous vasculature downstream from the radial artery. Each segment is represented by an equivalent vessel resistance (R), blood
inertance (L), wall viscosity (r) and vessel compliance (C). C, to Cs are kept constant for the linear case. For the nonlinear model, C, to Cs vary as a function
of the pressure of that segment (dotted line), as per the capacitance/pressure plot on the left. P, and P, are reversely set up due to above heart level. The input
is the estimated central blood pressure (¢CBP), as measured with SphygmoCor. The simulated radial blood pressure (sSRBP) waveform is the final output.

TABLE I
SIMULATED PARAMETERS VALUE FROM THE HEAD-UP TILT TEST SIMULATION BY LINEAR AND NONLINEAR MODELS
supine 30° tilt 60° tilt standing

linear nonlinear linear nonlinear linear nonlinear linear nonlinear
Radial SBP (mmHg) 128 £13 127+ 12 136 £9 13711 143+ 11 142+ 11 148 + 14 147+ 13
Radial DBP (mmHg) 88+7 87 +8 98+ 8 100£8 108 +£9 109 +7 112+8 114+9
Radial MBP (mmHg) 101 +£9 100+ 8 111+£9 112+ 10 120 £ 10 120+ 9 124 £ 10 125+ 12
Radial PP (mmHg) 40+9 40+ 10 38+9 37+11 35+ 10 33+ 11 36+9 33+ 10
PWV (m/s) 83+1.3 84+12 85+09 9+1.1* 85+0.8 93£1.1* 83+1.3 9.8+£1.2%
Pressure Shape RMSE (mmHg) — 2.3+ 1.2 — 3.1+1.3 — 55+2.8 — 6.5+3.0

* p <0.05. Input central aortic blood pressure waveform systolic/diastolic (mean) in mmHg: supine 116+13/79+7(95+9); 30° tilt 115+12/83+8(97+10); 60° tilt

115+12/86+8(98+8); standing 115+10/89+6(100+6).

Segmental models were developed based on existing
publication values for segment components [6], [7]. In the
linear model, vessel compliance (capacitance C) was held
constant. In the nonlinear model, capacitance was variable,
being a function of the corresponding segment pressure
(C(P)=a-¢"") [9], where parameter a and b are coefficients of
pressure-dependent function from experiment results
curve-fitting as shown in Fig. 1.

The model was developed with four electric circuit
elements: serial resistance (R), inductance (L), parallel
resistance (r), and compliance (C) or in the case of the
nonlinear model, pressure-dependent compliance (C(P)) for
each of the five arterial segments. The terminal section of the
model was based on a revised 3 element windkessel model
[4], [16] with three electric elements (Rtl, Rt2, Ct).
Parameter optimization on the linear model for each
individual subject was carried out using Matlab R2009a
(Mathworks, Massachusetts, USA) using the calibrated
radial artery pressure waveform and eCBP from
SphygmoCor [13], [14]. Once the linear model was
established, pressure-dependent compliance was introduced
to develop the nonlinear model. Initial values of all
parameters were calculated based on published results
recorded from anatomical architecture of the human arterial
tree, and then adjusted according to the subject’s age [6], [7],
[15]. For each postural position (supine, 30 degree tilt, 60
degree tilt, standing), cCBP as measured in the section 1A
was used as input for the linear and nonlinear models and the
radial blood pressure waveform simulates as SRBP .

To simulate postural effects and the negative and positive
effect (Fig. 1, pressure addition (note direction), e.g. P,g,)
that gravity exerts on blood volume along the segments, the
cumulative effect of gravity on pressure (P,) in each segment
length (1) was defined as P, = pgl*sin(¢), where g is the
earth’s gravitational constant and 6 is the angle of the axis of
the segment (tilt table) relative to the horizontal.

C. Data Analysis

The sRBP from the linear and nonlinear models were
compared. Difference in morphology of the pressure
waveforms were quantified by root-mean-square errors
(RMSE = \E (Y1,i — y2,)*/n)), where y, is linear modeled
pressure, y, nonlinear modeled pressure, and n is the sample
point number (Fig. 1).

Secondly, radial artery systolic, diastolic, mean, and pulse
pressure was calculated from the linear and nonlinear models
for each individual at each of the postural angles and
compared by t-test (two tail, paired; 95% CI) (Table I).
Aortic to radial PWVar was calculated by foot-to-foot transit
time calculation, the foot defined by the intersecting tangents
algorithm [16]. Individual aortic to radial transfer functions
were calculated in the frequency domain for the supine and
standing positions using the linear and nonlinear model
estimations of the radial pressure waveform [3].

III. RESULTS

A typical individual result for linear and nonlinear model
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Fig. 2. Results for male subject, age 57 years, in (a) supine and (b) standing position. From top to bottom: The eCBP waveform, used as an input for the
models, as calculated from the radial waveform using the validated transfer function. The sRBP waveform, calculated using linear (solid line) and
nonlinear (dashed line) models. Measured radial artery pressure waveform adjusted according to transmission time calculated from PWVar is also
compared with the two simulated waveforms.
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Fig. 3. The amplitude and phase delay of the transfer function between the central and modeled radial blood pressure waveform in the (a) supine and (b)
standing position. Little difference exists between the linear (solid line) and nonlinear (dashed line) transfer function in the supine position, though
differences are more pronounced in the standing position. In both models, the amplitude peak shifted to higher frequency and the phase delay was reduced
with increasing tilt angle (see the slope changes of phase regression line).

derived radial pulse waveform in the supine and standing position. However, waveform shape characteristics were
position is shown in Fig. 2(a) and (b) respectively. noticeably different in the standing position. Linear and
Qualitatively, there was little difference between the nonlinear models increased RMSE with tilt angle from
waveforms derived with the two models in the supine 2.3+1.2 mmHg supine to 6.5£3.0 mmHg standing. It was

6452



also demonstrated that measured radial artery pressure
waveform is much more close to nonlinear sSRBP. With
increasing angle of tilt, the systolic upstroke and the
dichrotic notch were shifted leftward in the nonlinear model.
This indicates faster transmission of the pulse occurs in the
nonlinear model with increasing tilt angle. Quantitatively
16.7% increase is shown in PWVar from supine to standing
position in the nonlinear model, and zero increase in PWVar
in the linear model. Though there were differences in
waveform shape and transmission speed between the two
models, there was no statistical difference in values of
systolic, diastolic, mean, and pulse pressures.

Fig. 3(a) and (b) give averaged values of the estimated
individual transfer function in the frequency domain, which
reflects arterial wall pressure transmission characteristics.
Comparing the phase delay in the supine and standing
position for frequencies less than 10 Hz, the slope value
decreases from -0.92 (supine) to -0.9 (standing) for the linear
model and -0.95 (supine) to -0.8 (standing) for the nonlinear
model. This 2.2% and 15.8% decrease in phase delay, for
linear and nonlinear models respectively, is of the same
order of magnitude as the calculated increase in PWVar.

In the supine position, peak amplitude for both linear and
nonlinear model transfer functions was at approximately 4
Hz, logically close to the amplitude peak in the generalized
transfer function as used to originally estimate the central
blood pressure waveform [17]. With increasing tilt angle, the
amplitude peak of the transfer function for the nonlinear
models shifted to higher frequencies in contrast with the
merely elevation of amplitude value in lower frequency
(owing to the addition of gravitational pressure) but no
frequency shift for linear model (Fig. 3). There were no
significant changes in the magnitude of peak amplitude from
supine to standing position.

IV. DISCUSSION

Accurate non-invasive estimation to central aortic blood
pressure is of importance in supplying powerful
non-invasive way of assessing the functions of heart and
ventricular-vascular coupling [16]. In this study, to ascertain
the effect of postural changes on arterial hemodynamics in
the human upper limb, 5-segment linear and nonlinear
(pressure-dependent) models of the arterial tree were
developed. The results shows although there is an increasing
trend for the discrepancy (RMSE) in estimated pressure
shapes and amplitude and phase delay of TF, radial artery
systolic, diastolic, mean, and pulse pressure show no
significant differences comparing the two techniques.

The increase of PWVar for nonlinear model’s simulation
is from 8.4 to 9.8 m/s. The average length of the arm for
these 10 participants is 61 cm thus there is average 10.4 ms
less in the pulse transmission and earlier return for reflected
wave (central blood pressure estimation). Therefore this
could imply during the challenge of head-up tilt test, average
16.7% PWVar increase should be considered in future
studies of estimating central BP from peripheral artery
especially involving calculation of augmentation index [3].

This study demonstrates that incorporation of nonlinearity
in the form of pressure-dependent compliance, whilst having
little effect in the supine position, alters waveform shape and
transmission time with an increasing degree with increasing
tilt angle. Further study involving invasive recordings of
central and radial pressure waveforms would be required to
ascertain the reproducibility and accuracy of the linear and
nonlinear models of heart to radial artery vasculature.

ACKNOWLEDGMENTS

None.

REFERENCES

[1] Z.Liu, K. P. Brin, F. C. Yin, “Estimation of total arterial compliance:
an improved method and evaluation of current methods,” 4m J.
Physiol., 1986; 251:H588-H600.

[2] W. W. Nichols, B. M. Singh, “Augmentation index as a measure of
peripheral vascular disease state,” Curr Opin Cardiol, vol.17, pp.
543-551, 2002.

[3] C.H. Chen, E. Nevo, B. Fetics, P. H. Pak, F. C. Yin, W. L. Maughan,
et al.“Estimation of central aortic pressure waveform by mathematical
transformation of radial tonometry pressure: validation of generalized
transfer function,” Circulation, vol. 95, pp. 1827-1836.

[4] M. Karamanoglu, D. E. Gallagher, A. P. Avolio, M. F. O’Rourke,
“Pressure wave propagation in a multibranched model of the human
upper limb,” Am J Physiol, vol. 269, pp. H1363-H1369, 1995.

[5] W.W.Nichols, M. F. O’ Rourk, “McDonald’s Blood Flow in Arteries,
5" edn,” London: Arnold; 1998.

[6] A.P. Avolio, “Multi-branched model of the human arterial system,”
Med. Biol. Eng. Comput, vol. 18, pp. 709-718, 1980.

[77 M. F. Snyder, V. C. Rideout, “Computer modeling of the human
systemic arterial tree,” J. Biomechanics., vol. 1, pp. 341-353, 1968

[8] N. Stergiopulos, B. E. Westerhof, N. Westerhof, “Total arterial
inertance as the fourth element of the windkessel model,” Am. J.
Physiol., vol. 276, 1999.

[91 J.K.Li, T. Cui, G. M. Drzewiecki, “A nonlinear model of the arterial
system incorporating a pressure-dependent compliance,” /IEEE Trans
Biomedical Engineering, vol. 37, no. 7, pp. 673.

[10] E. Swierblewska, D. Hering, T. Kara, K. Kunicka, P. Kruszewski, L.
Bieniaszewki, et al. “An independent relationship between muscle
sympathetic nerve activity and pulse wave velocity in normal humans,”
J. Hypertens., vol. 28, pp. 979-984, 2010.

[11] S. Davis, B. E. Westerhof, B. van den Bogaard, L. W. J. Bogert, J.
Truijen, Y. S. Kim, et al. “Active standing reduces wave reflection in
the presence of increased peripheral resistance in young and old
healthy subjects,” J. Hypertens., vol. 29, pp. 682-689, 2011.

[12] A. Tahvanainen, M. Leskinen, J. Koskela, E. Llveskoski, K.
Nordhausen, H. Oja, et al. “Ageing and cardiovascular responses to
head-up tilt in healthy subjects,” Atherosclerosis, vol. 207, pp.
445-451, 20009.

[13] M. Guarini, J. Urzua, A. Cipriano, “Estimation of cardiac function
from computer analysis of the arterial pressure waveform,” IEEE
Trans. Biomedical Engineering, vol.45, no. 12, pp. 1420, 1998.

[14] M. S. Olufsen, J. T. Ottesen, H. T. Tran, L. M. Ellwein, L. A. Lipsitz,
V. Novak, “Blood pressure and blood flow variation during postural
change from sitting to standing: model development and validation,” J.
Applied Physio., vol. 99, no. 4, pp. 1523, 2005.

[15] B. M. Learoyd, M. G. Taylor, “Alteration with age in the viscoelastic
properties of human arterial walls,” Circulation, vol. 18, no. 3, pp. 278,
1966.

[16] S. C. Millasseau, A. D. Stewart, S. J. Patel, S. R. Redwood, P. J.
Chowienczyk, “Evaluation of carotid-femoral pulse wave velocity:
influence of timing algorithm and heart rate,” Hypertension, vol. 45,
no. 2, pp. 222, 2005.

[17] M. Karamanoglu, M. F. O’ Rourke, A. P. Avolio, R. P. Kelly, “An
analysis of the relationship between central aortic and peripheral upper
limb pressure wave in man,” Eur Heart J., vol. 14, pp. 160-167, 1993.

6453



	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

