
  

 

Abstract—This paper describes the morphological changes in 

peripheral signals due to arterial diseases with various severity 

conditions and site of stenosis using modeling approaches, and 

its effect in the morphological parameters of radial artery. As 

stenosis induces abrupt change in geometry and elastic 

properties of arterial tree (constitutes major reflection sites), 

hybrid model is well suited for studying the changes in shape of 

the pressure and flow wave transmitted through the stenosis. 

These morphological changes in wave shape of peripheral 

signal have significant diagnostic value in both modern and 

traditional medicine systems. It can be used for the quantitative 

assessment of the severity of the arterial diseases. 
 

I. INTRODUCTION 

Modeling is a powerful tool to overlook the functionality of 

cardiovascular system in normal and diseased conditions. 

One of the most crucial forms of arterial disease is arterial 

stenosis or narrowing of the aortic lumen. Although aortic 

stenosis has been well described in the literature ([1],[2],[3]) 

the complete arterial tree model with patient specific data 

has not been addressed. Changes in morphology of the 

peripheral signals due to stenosis in arterial tree model are 

rarely studied. Existing literature on stenosis mostly analyses 

the morphological changes only at the site of the stenosis, 

which may require invasive measurements. In our approach, 

on the other hand, we observe the morphological changes in 

peripheral signals due to the stenosis of an artery far away 

from peripheral arteries.  Peripheral signals at the extremities 

are easy to acquire when compare to the signals at the site of 

stenosis itself, and the effect of stenosis on these peripheral 

signals could be a valuable non-invasive diagnostic tool. The 

effect of stenosis in any non-terminal arteries on the 

waveforms of the terminal arteries such as peripheral arteries 

is not reported so far. Not only the effect of stenosis, but also 

any perturbations along the arterial tree, could be studied 

using our techniques ([4], [5], [6]). 

 In order to understand the morphological change in 

radial artery due the severity and site stenosis, we have 

analyzed the radial pressure pulse change due to the radius 

reduction in the left hand arterial segments with the 

transmission line model of systemic circulatory system. Also 

the morphological parameters of left posterior tibial artery 

pressure pulse are compared in hybrid model and nonlinear 
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model based on [3] to analyze the difference in predictions 

of both models due to the omission of nonlinear area-

pressure relationship in hybrid model.  

II. METHODOLOGY 

A. Model description 

We have modeled the arterial tree as a hybrid model that 

includes both transmission line based model which considers 

all major arteries, and lumped model of the arterial tree 

based on Windkessel theory as input. Transmission line 

model of human arterial tree considers 128 major arterial 

segments; the similarity between the linearized Navier-

Stokes equations of one dimensional fluid dynamics and 

telegraph equations of the electromagnetic waves 

propagation has been used in distributed model of human 

arterial tree.  

The current and voltage in each segment is described by 

equations (1) and (2).  
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 Where V - electrical voltage, I - electrical current, R - 

electrical resistance, L - electrical inductance, G - electrical 

conductance, x - distance and t - time. Using the equations 

(1) and (2) hydraulic system can be modeled as an electrical 

circuit and compliant tubes can be modeled as small 

segments of transmission line.  Block diagram of hybrid 

model is given in Fig.1. Anatomical data which is published 

in [7] have been used for finding the parameters R, L, C and 

Rt The hybrid model detailed description is given in [4]. 

 
Figure 1. Schematics of Windkessel four element model with flow 

generator  

B. Morphological parameters measured from the pressure 

signal 

In this work,  the morphological parameters such as peak-
to-peak time (PPT), the crest time(CT), reflection index (RI), 
maximum systolic slope (MSS), maximum diastolic slope 
(MDS), pulse height (PH), peak-to-peak interval (PPI) and 
pulse transit time (PTT) are extracted from pressure signal   
which simulated by the hybrid model.  The descriptions of 
these parameters are given in Table I. 
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TABLE I.  MORPHOLOGICAL PARAMETERS 

Parameters             Description 

Reflection Index (RI)                            

 
 It is the ratio of second maximum 

height to maximum pulse height 

of radial artery pressure pulse.   

Pulse Pressure Amplification 
Index        (PPAI) 

 It is the ratio of radial artery 
pressure pulse height (PH) to 

aortic pressure pulse height. 

Crest Time (CT)                                                            It is the time from the foot of the 
waveform to its peak.  

Peak-to-Peak Time (PPT)                                        It is time difference between the 
first peak and the second peak 

radial artery pressure pulse.   
Maximum Systolic Slope (MSS)              It is the maximum of first derivative 

of radial artery pressure pulse.   

Maximum Diastolic Slope 
(MDS)          

 It is the minimum of first derivative 
of radial artery pressure pulse.   

 

C. Pressure wave morphological analysis of radial artery 

due to stenosis present in left hand segments 

The radius of the arterial segments in the left hand are 

reduced with various percentage levels and for each 

percentage reduction left radial artery (segment 97) pressure 

pattern gets changed. We  extracted the following 

parameters for a single beat pressure signal of left radial 

artery while the radius of the left hand arterial segments (3- 
Left Subclavian Artery,8- Subclavin Artery,17- Axillary 

Artery,28- Axillary Artery, 42- Brachial Artery,59- Brachial 

Artery,71- Brachial Artery, 81- Brachial Artery and 88- 

Radial Artery) reduced with various percentage levels: 

maximum value, minimum value, maximum time, minimum 

time, second maximum and second maximum time,  

maximum of first derivative and minimum of first 

derivative. From these parameters morphological parameters 

such as crest time (CT), peak-to-peak time (PPT), pulse 

pressure amplification index (PPAI), reflection index (RI), 

maximum systolic slope (MSS) and maximum diastolic 

slope (MDS) of radial pressure pulse are calculated and 

normalized with zero reduction value. All the parameters are 

normalized with corresponding values at no reduction in 

radius of arterial segment.  

 The normalized CT of radial artery trends steeply 

increases while reducing the radius of the distal arterial 

segments 3, 8, 17, 28, 42, and 59; however, it only slightly 

increases with reduction of radius of the proximal segments 

71 and 81, and minimal change in proximal segment 88. 

Normalized PPT of radial pressure pulse remains constant 

until the 30% radius reduction in distal segments 3 and 8, and 

then it steeply increases until critical stenosis (70% of radius 

reduction), later steeply falls. Whereas it decreases for the 

reduction in proximal segments 17, 28, and 42, linearly 

reduce for the reduction in proximal segment 59, and less 

change for reduction in the proximal segments 71, 81, and 

88. The normalized RI of radial artery trends decreases until 

70% while reducing the radius reduction in distal segments 3 

and 8 then steeply increases for critical stenosis. The 

normalized reflection index decreases until 50% radius 

reduction in proximal segments 17, 28, 42 and 59 then 

increases for critical stenosis. There is less change in 

normalized reflection index while reducing the radius of the 

proximal segments 71, 81, and 88. The normalized PPAI, 

normalized MSS and normalized MDS of radial pressure 

pulse monotonically decrease with the radius reduction of the 

left hand main arterial segments 3, 8, 17, 28, 42, 59, 71, 81, 

and 88. The morphological parameters such as RI, CT and 

PPT clearly differentiate the site and severity of stenosis 

which are shown in Fig. 2. 

For tuning the Windkessel model, we have considered 

systolic duration (Ts), pulse duration (T), systolic blood 

pressure (SBP) and diastolic blood pressure (DBP). The 

input pressure signal is simulated by considering heart rate is 

75 beats per minute, Ts is 0.3 and peak flow is 420 ml per 

second. Windkessel parameters are Rc= 0.035; L= 0.08; 

C=1.35; Rp=1 and reflection coefficient is Г0=0.6.  

 
Figure 2. Normalized parameters obtained from radial artery pressure pulse 
with  various degrees of reduction in radius of upper limb model segments 

(a) Crest Time (CT) (b) Peak-to-peak Time (PPT) (c) Pulse Pressure 

Amplification Index (PPAI) (d) Reflection index (RI) (e) Maximum 
Systolic Slope (MSS). (f) Maximum diastolic Slope (MDS) 

D.  Comparison of hybrid model and nonlinear model 

Morphological parameters of left posterior tibial artery 

pressure pulse are compared in hybrid model and nonlinear 

model based on [3] to analyze the difference in predictions 

of both models due to the omission of nonlinear area-

pressure relationship in hybrid model. The nonlinear model 

based on [3] considers the one dimensional flow equations 

including nonlinearities due to geometry and material 

properties which are resulting from the integration of the 

continuity and momentum equations over the cross section 

of the artery.  The one dimensional flow equations are 

defined by (3), (4) and (5) based on [8].  
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Where τ0 is the shear stress at the wall, approximated by [9].  
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The coefficients cv, and cu are functions of the local 

frequency parameter,
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. Where A is cross sectional 

area of the artery, Q is flow, Dia is diameter of the blood 

vessel, µ is blood viscosity, ρ is blood density. Hybrid model 

considers 128 segments of the major arteries whereas the 
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nonlinear model considers 55 arterial segments which 

represent various major arteries. 

 Under normal condition of arterial tree, the predicted 

waveforms are fairly insensitive to the shear stress relation 

[3]. Pressure and flow waveforms for the control case in 

hybrid model and nonlinear model from literature [3] are 

shown in Fig.3 and Fig.4 respectively. These results show 

that the calculated waveforms of both the hybrid and 

nonlinear models are similar. Nonlinear model simulates 

more realistic waveform which is already compared with 

experimentally acquired waveforms [3].  

 

 
Figure 3. Predicted pressure waveforms for the control case: (a) Hybrid 
model (b) Nonlinear model from literature [3] 

 
Figure 4. Predicted flow waveforms for the control case: (a) Hybrid model 
(b)  Nonlinear model from literature [3] 

 

 Figure 4 shows the phase shift between the flow and 

pressure wave form clearly. Also the pressure pulse is 

amplified when it travels from aorta to peripheral arteries but 

the mean pressure is decreasing.  Simulated pressure and 

flow values in various arterial segments are given in Table 

II. 

TABLE II.  SIMULATED PRESSURE AND FLOW VALUES IN VARIOUS 

ARTERIAL SEGMENTS 

    Aorta Brachial Abdominal Femoral 

H
y

b
ri

d
 m

o
d

el
 SBP 128.6 148.2 142.2 172 

DBP 73.62 68.57 74.2 64.53 

MBP 91.95 95.11 96.86 100.35 

PP 54.98 79.63 68 107.5 

Flow 
max 489.1 17.46 235.8 16.1 
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SBP 128.2 156 140.3 182.6 

DBP 72.66 67.96 71.46 58.39 

MBP 91.17 97.31 94.41 99.79 

PP 55.54 88.04 68.84 124 

Flow 

max 493 18.4 226 18.8 

 

E. Comparison of Morphological Parameters – Qualitative:  

The shape and mean value of pressure and flow waveforms 

are changed due to the presence of a stenosis in the arterial 

tree.  In the presence of stenosis with different stenosis 

severities in the femoral artery, pressure and flow 

waveforms at the distal left posterior tibial (ankle) are shown 

in Fig. 5 and Fig. 6. Also the figures show the negligible 

effect of a mild stenosis (60% area reduction) on pressure 

and flow waveforms. Significant changes occur in peak 

value of pressure and flow waveforms as the severity of the 

stenosis increases. Two peaks such as systolic and reflection 

have been dampened more for slightly decreased pressure in 

90% stenosis. Maximum and minimum flow values are 

changed by the presence of stenosis. At 90% of stenosis, 

systolic flow and the minimum (negative) backflow have 

been dampened to approximately mean flow value (Fig.6). 

These observations match with other simulations and 

experimental values ([8], [10]). 

 
Figure 5. Left posterior tibialartery pressure pulse changes due to the radius  

reduction of femoral artery (a) Hybrid model (b) Nonlinear model from 
literature [3] 

 

 
Figure 6. Left posterior tibialartery flow pulse changes due to the radius                 

reduction of femoral artery (a) Hybrid model (b) Nonlinear model from 
literature [3] 

F. Comparison of Morphological Parameters – 

Quantitative: 

  Morphological parameters such as crest time, peak-to-peak 

time, pulse height, reflection index of left posterior tibial 

artery pressure pulse are calculated in hybrid model and 

nonlinear model and compared which is shown in Fig.7.  

 The pulse height of the peripheral pulse in the normal 

case is much greater than the pulse height in the aorta. Due 

to the presence of aortic stenosis, the differences in pulse 

height between the left posterior tibial artery and the aorta 

have been reduced as shown in Fig.7 (b).These findings are 

also observed in experimental observations. 

  The time for systolic rise (crest time) in posterior tibial 

pressure is prolonged compared to the normal case which is 

observed in both models as shown in Figure Fig.7 (a). Crest 

time increases until 75% stenosis and then decreases in 

hybrid model left posterior tibial pressure pulse whereas in 

the nonlinear model, it increases until 85% stenosis and then 

decreases.  
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Figure 7. Normalized morphological parameters obtained from left                   

posterior tibialartery pressure pulse with various degrees of reduction in 
radius of femoralartery segments in hybrid model and nonlinear model from 

literature (Stergiopulos et al, 1992) (a) Crest Time (CT) (b) Pulse height (c) 
Peak-to-peak Time (PPT) (d) Reflection index (RI)  

 The RI of left posterior tibial pressure pulse increases in 

both models difference is more in higher severity stenosis 

conditions. From the previous analysis (Fig.2) it is observed 

that hybrid model shows less variations in RI when site of 

stenosis is proximal to pressure pulse measurement site. In 

this analysis femoral stenosis is proximal to tibial artery, 

hence variations in RI predicted by hybrid model is less 

compared to nonlinear model.  

 PPT decreases until 85% stenosis and then decreases in 

nonlinear model left posterior tibial pressure pulse whereas 

in the hybrid model, it decreases until 75% stenosis, and the 

difference increases as severity increases. 

III. DISCUSSION 

Simulation results explore the effect of severity of arterial 

stenosis in the morphology of distal pressure and flow 

pulses. While comparing the literature reported model data 

with hybrid model, it is observed that the hybrid model is 

capable of simulating arterial pressure and flow pulse under 

normal flow conditions as well as stenotic conditions (less 

than or equal to 75% stenosis). Since, for stenosis greater 

than 75%, turbulence effects are very large and create loss in 

flow resistance and pressure significantly. Above critical 

stenosis the morphological parameters predicted from left 

posterior tibial artery pressure pulse with various degrees of 

reduction in radius of femoral artery segments in hybrid 

model and nonlinear model from literature shows that above 

10% mean square error in RI, 4% mean square error in CT, 

1% 4% mean square error in PPT and 0.05% mean square 

error in pulse height. 

The electrical analogue model is unable to describe these 

nonlinearities, since the convective acceleration terms in the 

momentum equation (the Navier-Stokes equation) is not 

considered in electrical analogue model. Also this study does 

not consider the compliance and peripheral impedances 

change throughout the arterial network for different kind of 

arterial disease. Only limited physiological parameters 

which are required for these simulations are available in the 

literature.  

IV. CONCLUSION 

As an application of hybrid model of arterial tree in diseased 

condition, the response of model with various severity 

conditions and site of stenosis has been analyzed. Pressure 

(SBP,DBP,PP) and maximum flow values which are 

simulated using linear and non linear model are almost 

same. The trend of normalized pulse height obtained from 

left posterior tibial artery pressure pulse with various 

degrees of reduction in radius of femoral artery, is same in 

linear and nonlinear model simulations. Other morphological 

parameters such as crest time (CT), peak-to-peak time (PPT) 

and reflection index (RI) follow different trend after 75% 

stenosis condition when comparing linear and nonlinear 

model simulation. And the results suggests that the hybrid 

model is capable of simulating arterial pressure and flow 

pulse under normal flow conditions as well as stenotic 

conditions (less than or equal to 75% stenosis).Hybrid model 

can be used to study the clinical importance of peripheral 

pulse in detecting the site and severity of the stenosis (below 

75% severity) present in various arterial segments. 
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