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a b s t r a c t 

Atherosclerosis usually affects the entire cardiovascular system, including peripheral blood vessels. Pe- 

ripheral arterial stenosis may indicate possible serious vascular disorders related to more vital organs. 

If peripheral arterial stenosis can be discerned at an early stage, it can serve as a warning sign to take 

precautions, such as using more invasive diagnostic techniques or adopting a healthier life style. In this 

study, peripheral regions, such as the thigh, upper arm, and neck are modelled considering stenosis of 

their major arteries. Stenosis generates a fluctuating pressure field on the arterial wall, which leads to 

vibration on the skin’s surface. This stenosis-induced pressure field is modelled as a harmonic load and 

applied to the inner surface of the arterial structure. The vibration response on bare skin is computa- 

tionally determined using the superposition of modal responses. Realistic geometries and hyperelastic 

material properties are used in modelling the layers of skin, fat, muscle, and bones. The results indicate 

that stenosis severities higher than 70% lead to a considerable increase in vibration-response amplitudes, 

especially at frequencies greater than 250 Hz. The detailed analysis of skin responses provides useful in- 

formation to detect the stenosis location, where the sum of the vibration amplitudes attains its maximum 

value around the stenosis. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Atherosclerosis is a serious cardiovascular disease that results

n inadequate blood supply as a result of fatty material deposits,

hich promote arterial calcification and thickening. If stenosis ex-

sts in coronary arteries feeding the heart, it is called coronary

rtery disease (CAD), which is one of the leading causes of death

orldwide [1] . Occlusion of the arteries feeding the brain is re-

erred to as a Cerebrovascular Accident (CVA), which is the leading

ause of adult disability in the United States and Europe [2] . Given

he aforementioned facts, diagnosing and treating the stenosed

rteries are of critical importance for clinicians. Several invasive

ethods are clinically applied to detect the location and severity

f the stenosis. Arteriography is one of the most important invasive

ethods and is based on the injection of a roentgen-contrast fluid

nside the artery and acquisition of an X-ray image near the sus-

ected site. Fractional flow reserve (FFR) is another invasive pro-

edure that can measure the flow rate and pressure inside a spe-

ific coronary artery to understand the hemodynamic significance
∗ Corresponding author at: Qatar University, Biomedical Research Center, New Re- 

earch Complex—Zone 5, P.O. Box 2713, Doha, Qatar. 
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f the stenosis. For these invasive methods, a thin hollow catheter

ust be placed through a larger blood vessel to reach the stenosis

ite. 

Non-invasive methods are applied to eliminate the potential

isk factors of invasive diagnostic tools. Duplex ultrasound is a

adiation-free non-invasive method to evaluate the flow rate inside

arge arteries such as the carotid and femoral arteries. Ankle

rachial Index (ABI) is another non-invasive method to diagnose a

eripheral arterial disease. In this method, the systolic blood pres-

ures at arms and legs are measured and compared using a stan-

ard pressure cuff and handheld Doppler instrument. Phonoan-

iography was first proposed by Lees and Dewey as an alternative

on-invasive method that utilizes natural vascular sounds, called

urmurs, to gain information about the presence of stenosis

3] . An obstruction inside the artery changes the regular flow

ehaviour into a chaotic and turbulent form. The turbulent flow is

specially noticeable downstream from the stenosis. The resulting

urbulence-driven sound and vibration at the post-stenotic region

ropagate though the surrounding body tissues and reach the

kin surface. Recently, Azimpour et al. [4] evaluated these vibro-

coustic signals clinically for the detection of CAD by studying 156

atients undergoing elective coronary angiography and stated that

he acoustic detection sensitivity and specificity were 0.70 and

.80 (for stenosis > 50%), respectively. Winther et al. [5] used a

https://doi.org/10.1016/j.medengphy.2019.06.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.06.007&domain=pdf
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similar clinical comparison to identify the diagnostic performance

of an acoustic CAD detection system including 1675 patients and

reported a sensitivity and specificity of 63 and 44%, respectively. 

Coronary arteries can only emit a limited amount of vascu-

lar sounds compared to the peripheral arteries. Stenosis-induced

coronary artery sounds are suppressed by more powerful natural

sounds due to heart-valve closure and breathing. As a result, highly

sensitive technology and advanced signal-analysis techniques are

required to filter the coronary artery sound. Therefore, we focused

on the peripheral arteries, as they provide high arterial sound gen-

eration. 

Peripheral arterial occlusive disease (PAOD) is defined as a

warning sign for serious cardiovascular disorders that can develop

in the future. Shammas [6] reported that PAOD patients have 20%

higher risk of CAD. Furthermore, Ness and Aronow [7] reported

that PAOD patients over 50 years of age have a 42% and 68% in-

cidence of coexistent CVA and CAD, respectively. If an occlusion in

a peripheral vessel can be detected, preventive precautions can be

taken before observing CAD and CVA. 

With the development of sensor technology, it is possible to

measure clinically useful information in a cheap and non-invasive

manner [8] . The sound and vibration on bare skin can be mea-

sured non-invasively using contact or non-contact sensors, and

these measurements can provide diagnostically important informa-

tion [9] . In this study, the radial vibration response on bare skin is

investigated, considering the stenosis-driven effects, to better un-

derstand the diagnostic features that can be measured by non-

invasive instruments. The effects of peripheral arterial stenosis are

computationally investigated by employing realistic thigh, upper

arm, and neck models. 

2. Materials and methods 

Vibration analysis can be performed to diagnose medical dis-

orders because altered frequency content may appear for disease

cases [10] . In this study, harmonic vibration analysis is performed

using the commercial finite-element analysis (FEA) software, AD-

INA (Watertown, MA). The stenosis-induced harmonic pressure

field, which leads to skin vibration, is empirically determined and

applied to the inner arterial wall. The problem domain is modelled

using the hyperelastic and viscoelastic material properties of the

artery and surrounding soft tissues. The dynamic skin response is

determined via modal analysis and evaluated from the diagnostic

perspective, considering stenosis levels between 50% and 95%. 

2.1. Theory and formulation of problem 

The employed computational tool utilizes the concept of the vi-

bration of discrete systems to determine the structural responses

based on the superposition of modal responses. A discretized sys-

tem is considered as follows (after [11] ): 

M ̈u + C ˙ u + Ku = F , (1)

where M is the system mass matrix, C is the system damping ma-

trix, K is the system stiffness matrix, F is the load vector, and u is

the unknown displacement vector. 

Linear potential based fluid elements are used in frequency do-

main analysis for modelling mass properties and wave propaga-

tion in the fluid domain. Irrotational, inviscid, and incompressible

acoustic fluid elements are employed using the assumption of in-

finitesimal velocity formulation where the density change and fluid

velocity are infinitesimally small. Continuity and energy equations

are defined by the fluid velocity potential φ, as, 

˙ ρ + ∇ · ( ρ∇φ) = 0 (2)
 = 

∫ 
dp 

ρ
= � − ˙ φ − 1 

2 

∇φ · ∇φ (3)

here ρ is the fluid density, h is the specific enthalpy, p is the

ressure, and � is the body force. Based on the assumption of in-

nitesimal velocity formulation and neglecting gravity, Eqs. (2) and

3) take the forms 

˙ + ∇ · ( ρ∇φ) ≈ ˙ ρ + ρ0 ∇ 

2 φ ≈ ρ0 ˙ p 

B 

+ ρ0 ∇ 

2 φ = 0 , (4)

 ≈ p 

ρ0 

≈ − ˙ φ → p ≈ −ρ0 
˙ φ, (5)

here B is the bulk modulus and ρ0 is the nominal density.

q. (5) is substituted into Eq. (4) and the final form is obtained:

ρ0 φ̈ + B ∇ 

2 φ = 0 . (6)

Eq. (6) is a special form of the wave equation, which is linear

or fluid potential ( φ) and can be stated in variational form (after

12] ) ∫ 
V 

ρ0 φ̈δφdV −
∫ 

V 

B ∇ φ · δ∇ φdV −
∫ 

S 1 

B ̇  u · n δφd S 1 = 0 , (7)

here n is the normal vector and S 1 is the fluid-structure inter-

ction surface. The system matrices are defined for Eq. (7) in the

ollowing form (after [12] ): 

0 0 

0 M F F 

][
ü 

φ̈

]
+ 

[
0 C T F U 

−C F U 0 

][
˙ u 

˙ φ

]
+ 

[
0 0 

0 K F F 

][
u 

φ

]
= 0 , (8)

here M FF is the matrix from the φ̈δφ term, K FF is the matrix

rom the ∇φ · δ∇φ term, and C FU is the matrix from the ˙ u · n δφ
erm. The fluid medium and structure are directly coupled by com-

ining Eqs. (1) and (8) in the following form: 

M 0 

0 M F F 

][
ü 

φ̈

]
+ 

[
C C T F U 

−C F U 0 

][
˙ u 

˙ φ

]
+ 

[
K 0 

0 K F F 

][
u 

φ

]
= 

[
F 
0 

]
. 

(9)

The structural harmonic displacement response u (i.e., u = U e i ωt 

here U is the amplitude), can be determined by solving the set

f equations in the matrices provided in Eq. (9) . The harmonic ve-

ocity response ˙ u is 

˙  = iωu , (10)

here ω is the angular frequency and i = 

√ −1 . The natural fre-

uencies and corresponding mode shapes of the system are de-

ermined within the frequency range of interest by employing

he Lanczos method, which is suggested for large problems con-

aining potential-based fluid elements [13] . Eq. (9) is numerically

olved using ADINA (Watertown, MA) to determine the harmonic

esponses in the solid domain. 

.2. Acoustic pressure field in constricted artery 

In a constricted pipe, the flow field can be divided into five

ones, as shown in Fig. 1 . The first zone is upstream of the steno-

is, where laminar flow is observed with low noise generation un-

ess the critical Reynolds number is not exceeded [14–16] . In the

econd zone, the flow area decreases and the axial flow velocity

ignificantly increases. After the stenosis is passed over, flow sep-

ration occurs in the third zone, in which a flow jet is formed,

nd recirculating flow is observed near the artery wall [17–19] .

he third zone is highly turbulent, and the highest vascular sound

s generated in this zone. In the fourth zone, the flow reattaches

he wall, and if the artery is long enough, flow stabilization and
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Fig. 1. Flow zones observed in a constricted pipe (after Borisyuk [14] ). 

Fig. 2. Acoustic pressure (dB reference: 1 Pa) fields as function of axial position and frequency. Pressure fields are obtained at peak blood flow rates for 50, 70, and 90% 

stenosis in the femoral, brachial, and common carotid arteries. The stenosis exit is located at 0 mm. 
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a  
edevelopment are observed in the fifth zone. In our study, only

he downstream of the stenosis is modelled, owing to this region’s

igh vibro-acoustic generation. 

Turbulent pressure fluctuations are the main cause of vascular

ound generation. In this study, we determined and implemented

hese pressure fluctuations using empirical equations based on the

xperimental findings of Tobin and Chang [20] . They proposed

 general parameter set to obtain the acoustic pressure field in

teady pipe flow considering different stenosis severities and flow

ates. Using these empirical equations, acoustic pressure fluctua-

ions in the arterial wall are determined using considerably less

omputational power than in computational fluid dynamics (CFD)

nalysis. 

Yazicioglu et al. [21] used Eq. (11) to define the relationship be-

ween the acoustic pressure amplitude and frequency. In Eq. (11) , p
 t  
enotes the acoustic pressure amplitude, ρ denotes the density of

he fluid medium, U denotes the flow velocity at unconstricted re-

ion, f denotes the frequency, x denotes the distance downstream

he stenosis exit, and D and d are the unconstricted and constricted

umen diameters, respectively. At the stenosis exit, the lumen di-

meter of the artery increases to the nominal value ( D ). F n 1 [ x / D ] is

 nondimensional parameter that defines the relation between the

coustic pressure amplitude and distance to the stenosis exit. 

p [ x ] = 1 . 82 F n 1 [ x/D ] ρU 

3 / 2 · D 

5 / 2 

d 2 

( 

1 

1 + 20 

(
f d 2 /UD 

)5 . 3 

) 1 / 2 

(11)

The arterial flow velocity continuously varies between systole

nd diastole. Because the highest amplitude sound is generated at

he instant of highest blood flow rate, we focused on the quasi-
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Fig. 3. Idealized and CT-based models. From outside to centre, layers are in the 

form of skin, fat, muscle, and bone. For the CT-based thigh and upper arm mod- 

els, trabecular and compact bone structures are considered separately. (a) CT-based 

thigh model. (b) CT-based upper arm model. (c) CT-based neck model. Trachea 

(pink) and air (red) are considered only for the neck model. (d) Idealized thigh 

model. (e) Idealized upper arm model. 

Table 1 

Total element numbers for different mesh densities. 

Anatomical model Light mesh 

density 

Moderate 

mesh density 

High mesh 

density 

Idealized thigh 53,947 95,116 135,188 

Idealized upper arm 65,527 91,215 140,779 

CT-based thigh 52,078 73,429 105,856 

CT-based upper arm 55,564 84,991 141,390 

CT-based neck 34,052 66,295 114,567 
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t  
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p  

t  
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p  

c  

m  

t  

t

steady solution at peak flow velocity. The peak flow velocities are

150, 650, and 1200 mm/s for the femoral, brachial, and common

carotid arteries, respectively [22,23] . 

The lumen diameters are approximately 10, 4, and 6.4 mm for

the femoral, brachial, and common carotid arteries, respectively

[24–26] . The applied peak flow rates and lumen diameters corre-

spond to Reynolds numbers of 750, 1300, and 3840 in the femoral,

brachial, and common carotid arteries, respectively. By using the

peak blood flow rates and anatomical arterial diameters in Eq. (11) ,

stenosis-induced acoustic pressure fields are obtained as shown in

Fig. 2 . The decrease in the stenosis level gradually diminishes the

acoustic pressure amplitudes. The greatest arterial sound genera-

tion is observed in neck due to the high blood flow rate, whereas

the least sound is generated in the femoral artery as a result of

having the lowest flow rate. The phase difference is neglected in

the acoustic pressure field. In our previous study, the artery model

is surrounded by soft tissue, and it is concluded that the effect of

the phase difference is negligible in the presence of the surround-

ing tissue [27] . 

2.3. Modelling the geometry of anatomical regions 

The upper arm, thigh, and neck are modelled considering the

artery, blood, muscle, fat, skin, and bone layers. Two different mod-

elling approaches are considered in this work: idealized simple

geometric models and computed tomography (CT)-based realistic

models. Open-access CT data provided by OsiriX DICOM image li-

brary (Bernex, Switzerland) were used to obtain three-dimensional

models. Idealized models are created for the upper arm and thigh

by inspecting the real cross-sectional views of these anatomical re-

gions. The geometrical dimensions of the anatomical regions dif-

fer depending on the gender, age, and body weight of the individ-

ual. Therefore, the selected average dimensions are used to create

idealized models. The thicknesses of tissue layers are set as uni-

form for the idealized models. CT-based models are created utiliz-

ing patient-specific data of the upper arm, thigh, and neck regions.

The CT images are processed using Mimics (Materialise, Leuven,

Belgium) segmentation software to distinguish the tissue layers by

colour scales. The idealized and CT-based models are presented in

Fig. 3 . 

The idealized upper arm model has a uniform outer diameter

of 80 mm, total length of 140 mm, fat thickness of 6 mm, and skin

thickness of 2 mm [28] . The brachial artery thickness, as reported

by Suessenbacher et al. [29] , is treated as 0.4 mm in the idealized

upper arm model. The idealized thigh model has a total length of

250 mm with a diameter decreasing from 160 to 120 mm. As re-

ported in the study of Smilde et al. [30] , 0.75 mm is used as the

femoral artery thickness in the idealized thigh model. The total

lengths and diameters of the idealized and CT-based models are

similar and comparable. The CT-based neck model has a length of

70 mm, outer diameter of approximately 100 mm, fat thickness of

4 mm, skin thickness of 2 mm, and common carotid artery thick-

ness of 0.7 mm [31] . 

To achieve mesh independent results, three different mesh den-

sities are considered for each anatomical region. Eight-node hexa-

hedral elements are used for all layers of the models. The moder-

ate mesh density provides satisfactorily accurate results in terms of

the spectral content and amplitudes of the dynamic skin response.

A sample case is solved and evaluated for the CT-based neck model

with 90% stenosis severity to prove the mesh independence of the

obtained results. The difference of mean radial velocity response

amplitude (within 0–60 mm and 0–350 Hz) is found as 3.61% be-

tween the moderate and high mesh densities. For each anatomical

model, a moderate mesh density is used to obtain the presented

results. In Table 1 , the total number of elements is listed for each
natomical model considering light, moderate, and high mesh den-

ities. 

The two end surfaces of all anatomical models are fixed by set-

ing no displacement, considering the high stiffness of biological

issues at the joint ends. The artery and blood are directly coupled

t the fluid-structure interaction interface. All structural layers are

onnected to adjacent tissues as though bonded without any slip-

age. For idealized models, the bones are assumed as rigid and the

one layers are not modelled, owing to their higher stiffness com-

ared with soft body tissues. Therefore, the boundary surfaces of

he bones are fixed with no displacement in the idealized mod-

ls. The harmonic pressure load presented in Fig. 2 is radially ap-

lied along the inner arterial wall. Three different damping coeffi-

ients are used, namely, light (2% modal damping), medium (10%

odal damping), and high (20% modal damping), to account for

he variability in damping for each individual depending on age,

issue structure, and body fat [32] . 
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Table 2 

Material properties employed in models (Poisson’s ratio: ν; Elastic modulus: E ; Ogden material parameters: μ1 , μ2 , μ3 , μ4 , α1 , α2 , α3 , α4 ; Mooney–Rivlin material param- 

eters: c 10 , c 01 , c 11 , c 20 , c 30 ). 

Material Model Density ( ρ) 

(kg/m 

3 ) 

Bulk modulus 

( B ) (GPa) 

Material parameters 

Acoustic fluid [36] 10 0 0 2.2 

Fat [37] Ogden 10 0 0 2.2 μ1 = 23, 583 Pa μ2 = 40 Pa μ3 = −40, 878 Pa μ4 = 19, 340 Pa 

α1 = −2.0623 α2 = 25 α3 = −3.4784 α4 = −4.4864 

Skin [37] Ogden 10 0 0 2.2 μ1 = 6375.4 Pa μ2 = 180 Pa μ3 = −3770.7 Pa μ4 = 1840 Pa 

α1 = 1.3416 α2 = 25 α3 = −7.8671 α4 = −10.898 

Muscle [38] Mooney–Rivlin 10 0 0 2.2 c 10 = 10, 0 0 0 Pa c 20 = 10, 0 0 0 Pa c 30 = 6666.7 Pa 

Femoral artery [39] Mooney–Rivlin 10 0 0 2.2 c 10 = 18, 900 Pa c 01 = 2750 Pa c 20 = 590, 420 Pa c 11 = 857, 180 Pa 

Brachial artery [40] Linear elastic 1086 ν = 0.49 E = 3.8 MPa 

Common carotid artery [41] Mooney–Rivlin 10 0 0 2.2 c 10 = 94, 600 Pa 

Trachea [42] Linear elastic 10 0 0 ν = 0.499 E = 1.66 MPa 

Compact bone [43] Linear elastic 20 0 0 ν = 0.3 E = 15 GPa 

Trabecular bone [43] Linear elastic 1100 ν = 0.3 E = 0.6 GPa 

Fig. 4. Radial velocity response (dB reference: 1 mm/s) as a function of axial distance and frequency for the idealized thigh model with 90% stenosis. Stenosis locations are 

represented under each plot and aligned with the horizontal axis. Flow direction is from left to right, as indicated by arrows. Samples of anti-resonance curves intersecting 

around the stenosis location are represented using orange curves. (a) Stenosis exit at 0 mm. (b) Stenosis exit at 50 mm. (c) Stenosis exit at 125 mm. (d) Stenosis exit at 

150 mm. (e) Stenosis exit at 200 mm. 
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Table 3 

Viscoelastic parameters employed in models (Maxwell viscoelastic parameters: β1 , β2 , β3 , β4 , β5 ; Relaxation time: τ1 , τ2 , τ3 , τ4 , τ5 ). 

β1 β2 β3 β4 β5 τ 1 ( s ) τ 2 ( s ) τ 3 ( s ) τ 4 ( s ) τ 5 ( s ) 

Fat [37] 0.493 0.427 0.3834 4.6731 

Skin [37] 0.288 0.712 0.2136 8.854 

Muscle [44] 2.0216 0.519 0.1125 0.433 0.2424 0.6 6 30 60 300 

Artery [45] 0.353 0.286 0.298 0.285 0.348 0.001 0.01 0.1 1 10 

Fig. 5. Radial velocity response (dB reference: 1 mm/s) as a function of axial distance and frequency for the idealized upper arm model. Stenosis exit is placed at 0 mm. (a) 

50% stenosis. (b) 70% stenosis. (c) 90% stenosis. (d) 95% stenosis. (e) Average radial velocity response for the idealized upper arm model. For each frequency, the response 

amplitudes within 0–140 mm are averaged. 
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2.4. Material properties 

Realistic material properties are employed in both idealized and

CT-based models considering hyperelasticity and viscoelasticity. For

skin, fat, artery and muscle, nonlinearly elastic material properties

are employed to define the relation between stress and strain us-

ing hyperelastic Ogden and Mooney–Rivlin approaches. Bones are

modelled as linearly elastic in CT-based models considering the

trabecular and compact bone layers. For the Mooney–Rivlin hyper-

elastic model [33,34] , the strain energy density function is defined

by Eq. (12) . 

 = c 10 ( I 1 − 3 ) + c 01 ( I 2 − 3 ) + c 20 ( I 1 − 3 ) 
2 
+ c 02 ( I 2 − 3 ) 
2 + c 11 ( I 1 − 3 ) ( I 2 − 3 ) + c 30 ( I 2 − 3 ) 

2 

+ c 03 ( I 2 − 3 ) 
3 + c 21 ( I 1 − 3 ) 

2 
( I 2 − 3 ) 

+ c 12 ( I 1 − 3 ) ( I 2 − 3 ) + D 1 ( J − 1 ) 
2 (12)

In Eq. (12) , W is the strain energy per unit volume; J is the vol-

me ratio; c 10 , c 01 , c 20 , c 02 , c 11 , c 30 , c 03 , c 21 , c 12 , and D 1 are the

aterial parameters; and I 1 and I 2 are the first and second strain

nvariants. For the Ogden hyperelastic model [35] , the strain energy

ensity function ( W ) is defined as in Eq. (13) . 

 = 

N ∑ 

i =1 

μi 

αi 

(
λαi 

1 
+ λαi 

2 
+ λαi 

3 
− 3 

)
+ 

N ∑ 

i =1 

1 

D 1 
( J − 1 ) 

2 i (13)
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Fig. 6. Radial velocity response (dB reference: 1 mm/s) for the idealized upper arm model with 90% stenosis considering various stenosis locations and modal damping 

coefficients. The modal damping coefficients are 2%, 10%, and 20% in the left, middle, and right columns, respectively. Four different stenosis exit locations are considered: 0, 

40, 80, and 120 mm, as shown by arrows below each response plot. 
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In Eq. (13) , N is the number of polynomials; λ
αi 
1 

, λ
αi 
2 

, and λ
αi 
3 

re the principle stretches, and μi , αi , and D 1 are the material pa-

ameters. 

The viscoelastic material behaviour of soft body tissues is

odelled using the generalized Maxwell approach, where the

elaxation modulus is defined using the Prony series expression as

escribed by Eq. (14) . 

 ( t ) = E ∞ 

[ 

1 + 

N ∑ 

α=1 

βαe ( −
t 

τα ) 

] 

(14) 

In Eq. (14) , N is the number of Maxwell elements, E ∞ is the

ong-term elastic modulus, E α is elastic coefficient, βα is viscoelas-

ic parameter, and τα is the relaxation time. βα and E ∞ are deter-

ined using Eqs. (15) and ( 16 ), respectively. All material properties

nd viscoelastic parameters are summarized in Tables 2 and 3 , re-

pectively. 

α = 

E α

∞ 

(15) 

E (
 

∞ = 1 −
N ∑ 

α=1 

E α (16) 

. Results and discussion 

The radial velocity response on the skin surface is investigated

o locate the stenosis and observe the influence of stenosis sever-

ty. The frequency range of interest is 0–150 Hz for the thigh and

–400 Hz for the upper arm and neck. The amplitude of skin vibra-

ion significantly decreases beyond the specified frequency ranges.

he effects of stenosis are only observed up to 150 Hz in the thigh

ecause of the low blood flow rate. For all anatomical models, the

ighest skin-response amplitudes are expected at the closest radial

istance to the diseased artery. Therefore, the skin nodes located

t the radially closest distance are of primary interest. The results

re indicated in a coloured dB scale using a reference velocity of

 mm/s. For all radial velocity response plots, the same colour scale

 −87.5 to 12.5 dB) is used for ease of comparison. 
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Fig. 7. Radial velocity response (dB reference: 1 mm/s) as a function of axial distance and frequency for CT-based models considering 10% modal damping. Stenosis exit is 

placed at 0 mm. (a) Upper arm, 70% stenosis. (b) Upper arm, 80% stenosis. (c) Upper arm, 90% stenosis. (d) Thigh, 70% stenosis. (e) Thigh, 80% stenosis. (f) Thigh, 90% stenosis. 

(g) Neck, 70% stenosis. (h) Neck, 80% stenosis. (i) Neck, 90% stenosis. 
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In Fig. 4 , the effect of stenosis location is investigated for the

idealized thigh model. The first, second, and third natural frequen-

cies are observed at approximately 15, 30, and 45 Hz, respectively.

The amplitude scales of the response plots do not significantly

change with different stenosis locations. However, the spectral

content of the plots vary significantly with stenosis location. On

the response plots, the regions with the lowest amplitudes are

called anti-resonance points. The locus of the anti-resonance

points can be used to create anti-resonance curves, as shown in

Fig. 4 . Anti-resonance curves provide critical information because

they tend to intersect near the location of the stenosis. 

In Fig. 5 , the radial velocity responses are presented for the ide-

alized upper arm model considering various stenosis severities in

the brachial artery. The increase in severity leads to an increase

in the response amplitudes. The spectral content of the response

plot is not as simple that of the idealized thigh model. It is diffi-

cult to distinguish the anti-resonance curves in the idealized up-

per arm responses. As the geometry of the model becomes more

complex, the detection of anti-resonance curves becomes more

challenging. In Fig. 5 (e), the amplitude increase due to stenosis

severity does not have a linear trend. The increase in amplitude

is not critical at stenosis up to 70%, but severities greater than

70% lead to a major increase in the skin response. Clinically, flow

disorders may occur in the case of mild stenosis (50%), but for

skin vibration, the observed threshold is 70% stenosis. The aver-

age amplitudes in Fig. 5 (e) indicate that the influence of stenosis

severity is more dominant at frequencies higher than 250 Hz. For

the low-frequency range, between 0 and 250 Hz, resonant peaks

of the anatomical models are more dominant and suppress the

stenosis-induced effects. The amplitude increase with severity be-

comes more prominent at high frequencies ( > 250 Hz), and this
eneral amplitude increase is an indication of the presence of

tenosis. 

Heretofore, a 2% modal damping coefficient is employed to con-

ider light damping conditions. In Fig. 6 , the effects of medium

10%) and high (20%) modal damping are investigated in the ideal-

zed upper arm model. As the damping increases, the radial ve-

ocity response plots become more blurred and the amplitudes

lightly decrease; however, the location of the stenosis is more

learly observed. In the case of high damping, it is difficult to de-

ect anti-resonance curves due to blurring of the response plots.

owever, increased damping facilitates the determination of the

tenosis location, because high amplitudes are observed near the

tenosed region. 

In Fig. 7 , the radial velocity responses are presented for CT-

ased thigh, upper arm, and neck models considering various

tenosis severities. CT-based geometries are more complex than

dealized models. Therefore, there is a difference in response

mplitudes between the idealized and CT-based models. Anti-

esonance curves are not visible on CT-based response plots. In

ig. 8 , skin response plots are provided for the CT-based thigh

odel considering light damping (2% modal damping). Even in

ight damping conditions, the change in stenosis location does not

ave a significant effect on the response plots, and anti-resonance

urves cannot be distinguished for the CT-based models. For this

eason, an alternative approach is utilized to gain information

bout the stenosis location. The amplitudes between 0 and 300 Hz

re summed at each spatial location and a two-dimensional plot is

btained for each response plot. Two-dimensional plots illustrating

he sum of response amplitudes are presented in Fig. 9 . These am-

litude sums reach the maximum value around the stenosis loca-

ion for both idealized and CT-based upper arm models. Using the
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Fig. 8. Radial velocity response (dB reference: 1 mm/s) as a function of axial distance and frequency for CT-based thigh model with 90% stenosis and 2% modal damping. 

Stenosis locations are represented under each plot and aligned with the horizontal axis. Flow direction is from left to right, as shown by arrows. (a) Stenosis exit at 0 mm. 

(b) Stenosis exit at 75 mm. (c) Stenosis exit at 100 mm. (d) Stenosis exit at 125 mm. (e) Stenosis exit at 175 mm. 
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mplitude sums, the stenosis location can be determined in high

amping conditions or in cases where the anti-resonance curves

annot be distinguished. The stenosis location can be more clearly

efined for the idealized models because of their decreased geo-

etric complexity. 

. Limitations 

Under large deformation conditions, muscle fibres align in a

ertain direction, which results in anisotropic behaviour. In this

tudy, the anisotropic characteristics of muscle are neglected for

mall strains, as turbulence-induced acoustic pressures result in

uite small deformations. Thus, muscle fibres have a crimped

tructural form that can be modelled as nearly isotropic for small

trains ( < 2%) [46] . 

Because the turbulence-induced acoustic pressure amplitudes

re determined using empirical equations based on experimental

ndings, the stenosis shape and length are assumed to be same as

n the study by Tobin and Chang [20] . The stenosis element has a

otal length of 12.7 mm with a blunt constriction profile. In reality,
rterial stenosis may have a curved profile with a certain eccen-

ricity. In our study, the empirical equations are only limited to a

oncentric stenosis profile with a steady flow condition. In physio-

ogical pulsatile flow, the flow rate changes instantly, which scales

he acoustic generation up and down. We mainly consider the in-

tant of peak flow velocity for its high sound generation. Once the

coustic generation is obtained for an instant, the acoustic pres-

ure map can also be predicted for other phases of pulsatile car-

iac cycle by scaling the amplitudes depending on the flow rate.

assanova and Giddens [47] stated that the pressures generated by

teady and pulsatile flows are similar in terms of amplitudes; how-

ver, the pulsatile flow generates more homogeneous spectra due

o the diffusion of turbulence during deceleration of the blood flow

n the diastolic phase. 

Blood is modelled using water material properties [15,16,20,21] ,

s the mass properties and wave propagation inside blood are

ainly considered for the acoustic fluid elements employed in

requency-domain analysis. The artery is modelled as a single-layer

tructure by neglecting the effect of its multiple layers. Muscle, fat,

nd skin are modelled as bonded tissues without any slippage. The
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Fig. 9. Sum of response amplitudes for upper arm models considering 90% stenosis and 10% modal damping. Stenosis locations are represented under the plots and aligned 

with the horizontal axis. (a) Idealized model, stenosis exit at 0 mm. (b) CT-based model, stenosis exit at 0 mm. (c) Idealized model, stenosis exit at 40 mm. (d) CT-based 

model, stenosis exit at 47 mm. (e) Idealized model, stenosis exit at 80 mm. (f) CT-based model, stenosis exit at 93 mm. (g) Idealized model, stenosis exit at 120 mm. (h) 

CT-based model, stenosis exit at 117 mm. 
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stenosis-induced acoustic pressure field is determined considering

the mean lumen diameter of the artery, and arterial diameter vari-

ation is neglected. 

In our modelling approach, several parameters are defined

specifically to model the hyperelastic and viscoelastic material

properties of the tissue layers. These parameters may vary to a cer-

tain extent for each patient, and an amplitude difference can be

observed for each case. However, these amplitude differences in
he dynamic skin response, related to the modelling assumptions

nd variations in parameters, are considered to be limited and are

ot expected to change the main conclusions of this study. 

. Conclusion 

In this work, stenosed upper arm, thigh, and neck models are

nvestigated diagnostically using skin vibration responses. The
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coustic pressures generated at the downstream of stenosis exit

re modelled using empirical equations and applied to the inner

rterial wall. In the anatomical models, the artery is surrounded

y muscle, fat, and skin layers. Realistic model geometries are used

y utilizing open-access CT data. The hyperelastic and viscoelastic

aterial properties of soft body tissues are implemented in the

odels. The radial velocity vibration responses are computation-

lly determined on the outer skin surface. It is observed that

ncreasing the stenosis severity results in nonlinearly increasing

esponse amplitudes. The critical threshold is 70% stenosis sever-

ty, as occlusions greater than 70% result in a drastic increase in

kin vibration. This severity-based amplitude increase is more

ronounced at frequencies greater than 250 Hz. Anti-resonance

urves are distinguished for the idealized thigh model, and these

urves intersect near the stenosis location. As the model geometry

ecomes more complex in CT-based models, the anti-resonance

urves are not clearly visible. For this reason, an alternative

pproach is employed based on the sum of the radial velocity

esponse amplitudes within the frequency range of interest. The

um of amplitudes attains the maximum value near the stenosis

ocation. In both the idealized and CT-based models, the amplitude

ums indicate the location of stenosis. 
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