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ABSTRACT The propagation of sounds and pulse waves within the cardiovascular
system is subject to strong dissipative mechanisms. To investigate the effects of blood
viscosity on dissipation as well as dispersion of small waves in arteries and veins,
a parametric study has been carried out. A linearized analysis of axisymmetric
waves in a cylindrical membrane that contains a viscous fluid indicates that there
are two families of waves: a family of slow waves and one of fast waves. The faster
waves are shown to be more sensitive to variations in the elastic properties of the
medium surrounding the blood vessels and at high values of the frequency param-

eter « defined by o =\/ pwR:/u the blood viscosity attenuates them more strongly
over a length than the slow waves. At low values of «, the effects of viscosity on
attenuation are reversed; that is, the family of slow waves is much more attenuated
than the family of fast waves. For the slow waves the radial displacement component
generally exceeds the axial component except at very low frequencies. Conversely
the axial displacements are much larger than the radial displacement for the faster
waves. The presence of external constraints, however, can modify these results. In
the case of the slow waves the phase angle between pressure and radial wall dis-
placement is virtually negligible in the presence of mild external constraints, while
the phase angles between pressure and fluid mass flow are at most 45°. The corre-
sponding phase angles for the fast waves exhibit much larger variations with changes
in the elastic properties of the surrounding medium.

I. INTRODUCTION
Physiological Considerations

A quantitative analysis of the dynamics of the circulatory system is considerably
more formidable than similar investigations of most engineering systems. The blood

BropaysICAL JOURNAL VoLume 11 1971 1085



itself is a non-newtonian fluid that exhibits the characteristics of solutions and col-
loidal and particle suspensions. Controlled experiments (1) have shown that the
apparent viscosity increases with hematocrit, decreases with strain rate, and has a
viscosity coefficient that ranges from 1 centipoise to 10 poise. McDonald (2), how-
ever, reports that blood in the larger arteries and veins behaves like a newtonian
fluid and normally has a viscosity coefficient of approximately 4-7 centipoise. No
marked manifestations of non-newtonian behavior are observed in large blood ves-
sels. Even though blood exhibits compressibility, it has negligible effects on the
transmission properties of the usual types of waves that may occur in blood vessels
(3-5).

The experiments of Bergel (6) and those of McDonald and Gessner (7) indicate
that the blood vessel walls are viscoelastic with material properties that depend more
strongly on strain than strain rate. Also, blood vessels are essentially incompressible
and, therefore, have a Poisson’s ratio of approximately 0.5 (2). Experimental data
(2) further indicate that the modulus of elasticity for the artery varies from about
10° to 10° dynes/cm’. The viscoelastic modulus (imaginary part of the complex
modulus) can be of the order of 25 % of the elastic modulus (real part) (6, 7). Geo-
metrically, the larger blood vessels are tapered tubes with the ratio of wall thickness/
radius ranging from about 0.08 to 0.30 for arteries and from about 0.01 to 0.05 for
veins. There is also evidence that the walls of blood vessels exhibit anisotropy (8)
and nonlinear stress-strain relationships (9). The blood vessels are imbedded in tis-
sues, muscle, or bone and are usually constrained by these surroundings. Their
effects upon the wave transmission characteristics have not yet been studied exten-
sively and only limited quantitative data are available (10).

Previous Theoretical Investigations

Numerous theoretical studies of the dynamic behavior of blood vessels have been
reported in the literature. Comprehensive reviews of such investigations have been
made by McDonald (2), Rudinger (11), Skalak (12), and Fung (13). The complexi-
ties of the physical and geometric features of blood vessels necessitate an approxi-
mate approach in any analysis of their motion. By introducing simplifying yet
realistic assumptions and a mathematical model for the mechanical behavior of the
vessels, it is possible to arrive at a tractable analytical formulation of dynamic prob-
lems such as the prediction of the dispersion and attenuation of waves.

The theoretical analyses of dynamic problems of blood vessels can be separated
into two major groups on the basis of the relative rigor with which the solid or fluid
mechanics aspects have been treated. Recent contributions emphasizing a realistic
formulation of the fluid-dynamic aspects were made by Morgan and Kiely (14),
Womersley (15), Atabek and Lew (16), and Atabek (17). The work presented here
is an extension of these efforts and is based on a similar mathematical model.

The analytical model introduced by Morgan and Kiely (14) treats the vessel wall
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as a linear elastic, homogeneous, isotropic, cylindrical membrane free of constraints
and assumes that the blood behaves like an incompressible newtonian fluid in lami-
nar motion. Womersley (15) also used this model but added a distributed, axial,
elastic constraint acting on the outside surface of the vessel to approximate the effects
of the surrounding medium. The analyses by Morgan and Kiely (14) and by
Womersley (15) have become key references. In both studies the wave reflections
were neglected and only one type of wave was considered. The corresponding solu-
tion is not sufficiently general to accommodate constraints such as those enforced
by branches and bifurcations or by the application of instruments such as electro-
magnetic flowmeters. A further inadequacy of the Womersley solution (15) mani-
fests itself whenever distributed radial constraints are present. Womersley’s results
(15) predict at most a 15% change in the speed of the wave studied for arbitrary
variations in the axial constraint and for all @ = V pwR3/u. By contrast, the addi-
tion of an infinite radial constraint besides an infinite axial constraint produces a
rigid tube incapable of transmitting waves when filled with an incompressible fluid.
It appears, therefore, that radial constraint may play an important role and should
be taken into consideration.

Atabek and Lew (16) investigated the effects of initial stresses upon the propaga-
tion characteristics of two types of waves. An extension of this analysis by Atabek
(17) took into consideration the influences of radial and axial constraints and aniso-
tropic wall behavior; however, results were presented only for special examples
which do not illustrate the relative significance of axial and radial constraints.

In a parametric study of waves in blood vessels, Maxwell and Anliker (3-5)
treated the blood as an inviscid, compressible fluid and assumed the vessel wall to
behave like a cylindrical shell with viscoelastic wall properties. In contrast to 2 mem-
brane model, the shell model exhibits resistance to local bending in the vessel wall
and thus allows the study of a wider class of motions by relaxing the restriction to
very small changes in the radii of curvature. The effects of initial stresses are taken
into account but external constraints are disregarded. Three wave types were pre-
dicted. For both axially symmetric and nonaxially symmetric mode shapes, the
waves were characterized by the dominant displacement component that an arbi-
trary point of the middle surface exhibits at higher frequencies and are accordingly
referred to as radial, circumferential, and axial waves. The properties of the axially
symmetric radial waves are in agreement with Womersley’s results (15) for very
small fluid viscosity, and the predicted speeds of axially symmetric radial and axial
waves are basically compatible with the results of Atabek and Lew (16) for the
inviscid limit.

Intent and Scope of This Analysis

The main objective of the present theoretical analysis is a parametric study of the
effects of blood viscosity, distributed external constraints, and viscoelastic proper-
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ties of the vessel on the transmission characteristics of radial and axial waves. To
this end, a mathematical model is introduced which is similar to those in references
4-6. It differs from them by the inclusion of radial constraints and by considering
the vessel wall to be viscoelastic.

The arrangement of this report reflects the actual sequence of the studies con-
ducted. In section II, the boundary value problem is derived and linearized with
emphasis upon the main conditions of linearization. Section III is devoted to the
general solution. The results of the parametric analysis for the transmission charac-
teristics, including velocity profiles, are described in section 1V.

II. THE LINEARIZED BOUNDARY VALUE PROBLEM

The basic problem of interest is the motion of a blood vessel and the blood it con-
tains when this system is subjected to an oscillatory perturbation; however, only
the motion of a model of this system is actually analyzed. A steady-state configura-
tion (Fig. 1) consisting of a long, cylindrical tube containing a streaming newtonian
fluid is perturbed such that axially symmetric motion with no circumferential velocity
is obtained. The perturbation is assumed to be sufficiently small to justify linear-
ization. Therefore, all dependent variables can be expressed in the form

()=C)X+CY (1)
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where

the value of a variable in the perturbed state,
the value of a variable in the steady state,
= the perturbation of the variable.

()
(X
(G

Since the desired boundary value problem is linear, harmonic solutions for a given
frequency can be obtained and more general motions can be studied using Fourier
synthesis.

The wall material is assumed to be isotropic, homogeneous, and elastic. Further-
more, the tube is assumed to have a wall thickness/radius ratio

h
o <1 (2)
and to behave like a membrane with constant strains and stresses across the wall.
Since the problem is axially symmetric, the wall displacements, stresses, and strains
are functions only of axial distance and time. To render the membrane assumption
realistic, the displacements will be limited to those producing very small changes in
the radii of curvature. This is achieved with the restriction.

L
R >1, (3)
where L is any characteristic axial dimension.

For 0 mean flow and no initial stresses the equations of motion for the vessel
wall in the presence of radial and axial constraints can be given in the form

. n _ _ Eh £ &

pwhﬁ“' —Kit + (P )r=ro m(l_(;-*-aa_z), (4)
fr _ <aw) Eh (a’r v 6E>

Pwh(_);i——K2§ K 5;'_1—80+.l—-——:7—2 Ei-'-roa; (5)

These equations differ from those given by Womersley by the inclusion of a radial
constraint term — K;¢. K; and K, are measures of the elastic or viscoelastic (K; and
K, complex) restraining effects of the surrounding medium on the radial and axial
wall motions. Reference 10 shows that this kind of model is indeed approximate, at
least for the axial wall displacement and frequencies above 1 Hz. The linearized dif-
ferential equations for the fluid flow are

[ !’
Iu L W _ o, (6)

r ¥4

N
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’ 14
al=_l_ép_+’f_‘1<a_w.>, (7)
t p 4

0o=%2 (8)
and the boundary conditions can be expressed as

u,(RO) Z, t) = a_E(z’ t) ) W,(Ro, z, t) =’a—§(z’ t)' (9)
dt ot
A detailed derivation of this system of equations is given in reference 18.

III. SOLUTION OF THE LINEARIZED BOUNDARY VALUE
PROBLEM

The General Solution

The complete linearized boundary value problem is given by equations 4-9. By
differentiating equation 7 with respect to r and making use of equation 8, one

obtains
9 (ow' af1a/ ow
”&(W)"‘E?[?E(ra_rﬂ' (10)

For the axially symmetric case (3«'/dr),-0 = 0, which means that no purely oscilla-
tory term in dw’/dr is possible. Therefore, a separable harmonic solution can be
given in the form

Owl swé
> = R(r)Zy(z)e*". (11)

The substitution of equation 11 into equation 10 yields
iw d/1d

Changing the independent variable using

bs =r, whercl=/‘/_f—"=i”21/‘:°, (12)
b iv v

leads to

d’R(r)
ds?

dR(r)
ds

+ (1 — l;;)R(r) =0,

1
s

1090 BioPHYSICAL JOURNAL VoLuMme 11 1971



which is Bessel’s equation for functions of order 1. The general solution of this
equation is

R(r) = AJ, <%> + BY, <%> ;

however, substitution of this into equation 11 and application of the symmetry re-
quirement, (3w'/dr)r=o = 0 yields B = 0 and

aw, _ r Sl
‘Fr— = Z1(Z)J1 (3) e , _ ( 13)
or, after integration,
w(r, z,t) = {Zl(z)b [1 - Jo (%)] + inl(z)}e“"‘. (14)

Substitution of equation 14 into equation 7 gives an oscillatory expression for
dp’/dz which can also be integrated and expressed in the form

e =426 +2F6) + B, (15)
where
z(:) = 2() = Z2 k(o) = P) = £, (16)
From equations 14 and 16, it follows that
wi(rzt) = {[l A (%):I Z'(z) + %"F'(z)} be™. (17)

By substituting equation 17 into equation 6 and integrating with respect to r one
obtains

' - Y _rl 27z = L pr () et
ulr,zt) b{[bh (b) 2] Z"(2) 33 F (z)} e, (18)
where the function of z and ¢ generated by this integration must vanish since u'(r, z, 1)
vanishes for r = 0.

The expressions for 9/d¢ and 6¢/d¢ given by equations 9, 17, and 18 can be
integrated with respect to time to yield the oscillatory solution

£z, 1) = Ro{b[b— A (%’) - %] Z"(z) — %ﬂ(:)} e (19)

iw Ro
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t(z, ) —{ 2] —Jo(b)]z<z>+r<z>} (20)

According to equation 17 the unsteady mass flux can be written in first approxi-

mation
0'(z,1) = '[lo oW (r, 2, £)22r dr = {[% — Eb‘; 2 <%°>:| Z'(2)

+ l o F'(z)} 2wRipbe™ . (21)
Substitution of equations 15, 17, 19, and 20 into equations 4 and 5 leads to

’%’ [ARF" (z) — BiF(z)] = ARZ" (2) + BZ(z) + BiF, (22)

o [ 3<1 - _> RF'G) + (1 — I‘g)F'(z)] ARZ"(2) — AZ'(), (23)

where

_ K _ K pRo GCo

Pl—pwhw2 )Fz—pwhwz ’Bl_ h’Bz—Row (24)
- E _ 8 _ 1/5 2 _ Eh

b= Rrd = =" ;G =5p ()

l-—3/2

Ar = (1 = T = L)) — ﬂlT-’l(ialza) ; (26)

= =6 {11~ sl + o[ i) - L), (21)

— (=T —A) [ 1) — ] —Gull — ()], (28)

= 33(1 — Ty — B:(% — o). (29)

Elimination of F”(z) from equations 22 and 23 and integration of the resulting
equation gives

Ae

“F(z) = tRiZ'(2) - :z(z) + F;, (30)
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where

A1 — I'z)
Bl = ¢/2) /2)

A2A4 ’ A1 = 31 + A1A4

By combining equations 30 and 22 one obtains

As = p + —F——= = A3 —

RYZ"'(z) + AsR3Z" (2) + Ay Z (2) = — (F2 + F3) f;A‘
where
As(1 — Te) + ﬁlAz:I
As =4 As ,
8 [1+ & — o/2) /As
A9=1—I‘2—A1_ﬁ_1_.
Bs(1 — a/2) A,
Equation 32 then has the general solution
Z(z) = [De™VFis/Bs - DyeVBi#/Ro] L [Dye™VE3s/R0
8145

VB32/Re] e
+D4e 2 0] (F2+F3)AAA’

where B, and B; are the roots of the equation

B+ AsB + 4, = 0,

= 15[~ As + (45 — 445)'%], By = —14[ds + (s — 449)"].

From equations 35 and 30 one finds

(AeBL + 4

%"F(Z) = — A 7) [Dle"\/B_lz/Ro + Dze""_l‘“’o]
13

_ (AeBzA+ 4r) [Dse™VEss/Ro 4+ D,eVBas/R0]
5

By

+(F2+F8)AA°A

+ F.

(31)

(32)

(33)

(34)

(35)

(36)

(37)

Substitution of equations 35 and 37 into equations 15 and 17-20 completes the
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formal solution. The resulting expression for p’ can be given as

P'(z,0) = & {SiDe™VFixe o DyevFisini]

+ Sz[Dae_‘/B—u/Ro + D4e\/8_,z/R°]} es‘wt (38)

where

sl=1_<‘ﬁ’ﬂ_+___‘47>, S2=1_<4«_1?Lf17>, (39)
A5 AG
The pressure pulse is often resolved into its Fourier components in studying
wave motion. Therefore, it is most convenient to write p’ in the form
P'(Z, t) = PI(Z, t) + p2(z) t) + P3(z, t) + P4(z: t))

px(Z, t) - Pleiw(t—:/cl) e—ﬁlzlno’pz(z, t) = P2em(¢+t/01) e&;z/no’

ps(z, t) — Pseiw(t—:lcz) e—a,:/xo,}u(z’ t) = P4eo‘w(¢+s/02) ea,z/ao’ (40)

where
Pr_pg P2 B _pg P 41
D_bSI—Dz’ Da‘bs"px (41)

= Bdm(\/E), b = Re(/BY), g — BIm(\VE), 8 = Re(VE,). (42)

It is also convenient to express the other quantities such that the phase relationship
with respect to the pressure waves is exhibited. Substitution of equations 35, 37, 41,
and 42 into equations 17-21 yields

wir z 1) = —1{{ [S1 — Jo <l « F):I [z, 1)

R

’ _ i B 2 (.3/2 r> S1 r:|
u(r,zt) = PwRO{Sl [ Ji\i *x 2 R, (2, 1)

e, 01+ 2[00 (e ) = 2 im0 + e 01}, (44)

~pa 0+ Y[ — 5o (e ) | sz, 0 = i r)]} (43)

8o ) = (a5, 1) + e 0] Mie™ + [a(, 1) + palz, 0] Mae), (45)
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1

$(z,1) = R,

{pa(z, 1) — palz, )] Mae™ + [ps(2, 1) — pu(z, £)] Mie™®}, (46)
Q’(z’ t) = %) {[pl(z, t) - Pz(z, t)] MSews + [PS(Z’ t) - P4(z; t)] Mﬁe“s}) (47)

w0,z 1) = pwl_&;{[pl(z, 1) — pa(z, )] M2e™ + [ps(z, 1) — pulz, 1)] Mee™®}, (48)

where

W)
. —3/2
Mzew’ = — ? [%2 - l——a—— Jl(islza):l ’ (49)
2
Mye™ = — S;Bl [S: — Jo(ia)], Mye® = — %B_z [S: — Jo(i*a)], (50)
i 2wi 8y e 2L s
Mge = B, Mie ,Mee \/EM23 N (51)
M = — i—VSB‘ (S1— 1), Mee™ = — i ';:2 (:—1.  (52)
1

Equations 40 and 43-52 are the solutions for fluid velocity, wall displacement, fluid
mass flow, and fluid velocity on the axis as a function of time and position with six
parameters (o, B1, 82, «, I'1, and Ty) and four arbitrary constants (Py, P, P;,
and P,). This solution predicts four waves traveling in the axial direction. These
four waves actually constitute only two different types of waves each with a trans-
mitted wave (wave moving in the +z direction) and a reflected wave (wave moving
in the —z direction). The waves of the same type are identical except for the direc-
tion of propagation. The four arbitrary constants determine the strength of the four
waves.

The parameters o and g, are functions only of physical and geometric properties
of the fluid and the wall, while 8; and « are functions of the physical and geometric
properties and of the frequency. The external constraint parameters I'; and T, reflect
the character of the external constraints.

It is important to note that o has the form similar to the square root of an un-
steady Reynolds number or

a=
m

however, the velocity in this expression is not a fluid velocity and to avoid confusion
a will not be referred to as a Reynolds number.

JoNEs ET AL. Dispersion and Dissipation of Waves in Blood Vessels. 1 1095



IV. NUMERICAL RESULTS FROM THE GENERAL SOLUTION

A Parametric Analysis

The wave speeds (C1/C, and C,/C,), attenuation factors (8, and 3,), and the mode
shapes (given by the magnitudes M1—~M;) and phase angles (¢,—¢s) are of course
functions only of the six parameters (s, 81, 82, @, I'1, and I';). The functional rela-
tionships, however, are complex and a parametric study is necessary to illustrate
them. For the cardiovascular system, the geometric and physical parameters may
be limited to

025 < ¢ £05, 5 <6 <20 (54)

The range for 8, and « should be as broad as possible but consistent with the long
wavelength approximation which arises by applying equation 3 to wave motion.

A

C: .
R 21/32-60}) 1, where i=1 or 2. (55)

Examination of results obtained for limiting forms of the solution for large con-
straints and large and small «, as in reference 18, demonstrates that I'; and T, in
the ranges

100 < T, <10, T,<6, (56)
5.6 K=
o =0.5
. ﬁ] =10
4.8 By=102
40+
32k
Cy
66 H2=0, K,=0 and |
2.4 10
102 )
103 and ® K{=0,K=5x10"4
1.6 - |0'2
o\
S
0.8}
LIMITING SOLUTION
0 1 o | L L1 L L 1 | - 1 1 1 L
o7} 100 10! 102

@=va/v Ry

FiGURE2 Wave speed for the first type of wave, C, , as a function of « for different values
of the constraint parameters x; and «; . The limiting solution is only valid for large « and is
shown only for 8; = 10, 8 = 100, ¢ = 14, x, = x = 0. (For derivation see part II, follow-
ing paper.)
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103 -
- g =0.5

Bi=10
Bz= 102

r K120, Ka=10"3
L 5x|0'5

c2
Co I<2*0, 4% 0 and | 5><|0°4
|o2
1o -

K|=0=K2

0=0.5, B;=10, B2:=I- 103

5k
C 0°=0.5, 8,102, 8= 5
Co 10
4
3 .
2
/\uwrme SOLUTION
| 1 1 1 1 1 i I 1 - 1 1 1 1)
107t 100 10! 102

a=vw/v Ry

FiGurRe 3 Wave speed for the second type of wave, C: , as a function of « for various values
of the parameters o, B, Bz, x1, and «z .

produce the most significant effect upon the mathematical solution. Also, equation
55 will be satisfied for nominal cases if

B > 1. (57)

At the fundamental pulse frequency, 8: is of the order 102. Since biological material
is nearly incompressible, Poisson’s ratio ¢ may be taken as 0.5. As a representative
value for 8:, one may choose g1 = 10. Therefore, the basic numerical values in the
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Ficure 5 Transmission factor for the second type of wave as a function of « for various
values of the parameters ¢, 81, 82,1 ,and «3 .

parametric analysis were

¢=05p=10, =10, TI;=0=T,. (58)

The constraint parameters I'y and T'; were modified for this study to reflect only
the physical parameters of the system:

I KGh _T. _ KC;
K1 Kz_ﬁ—% —pm. (59)

"~ B} pehRY’
In terms of these new constraint parameters, the basic numerical values defined by
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F LIMITING SOLUTION K 1=0. K2=0 ,
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FiGure 6 The mode shape coefficient M, for radial displacement of the first type of wave as
a function of « for different values of the constraint parameters x, and «; . The radial dis-
placement for the first type of wave decreases with increasing radial constraint for all « and
becomes asymptotically independent of « for increasing axial constraint.

equation 58 can now be given as

c=05 =10, B=100, u=0=x, (60)
and the most significant ranges for x, and «, for 8, = 10? are

1<m<10,, k<6X10™ (61)

Figs. 2-5 give the wave speeds and transmission factors. In this analysis the trans-
mission factor is defined as exp(—38\/R,) which represents the ratio of the amplitude
of a sinusoidal wave propagating over a distance of 1 wavelength to its initial value.
Results corresponding to the limiting solutions valid for large values of @ and 8, =
10, 8, = 100, 0 = 14, &1 = x; = 0 (no constraints and elastic wall) are also shown
in these figures as well as in Figs. 6-17 for comparison. The pertinent equations for
the limiting solutions (large <) are given in part II (following paper) which describes
the effects of a viscoelastic wall.

In general, the wave speed for the first type of wave increases monotonically
with « from a small value at low « and approaches a finite limiting value. For
weak radial constraint, it is relatively constant for « > 3. Whenever the condition
(M/Ro) = 2xB(c1/co) > 1 is satisfied, the parameters 8; and 8, have little effect
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on this wave speed, and a change in Poisson’s ratio ¢ has no significant effect at
large a. For arbitrary values of «, within the complete range of axial constraint
(0 < x; £ ), the solution deviates at most by 15% from that corresponding to
the basic values at all «; however, variations in the radial constraint produce marked
changes particularly in the range 1 < < 108,

Except for cases with large radial constraints, the wave speed for the second type
of wave is relatively constant at low a and increases monotonically with increasing
a; however, changes in Poisson’s ratio or 8, produce much larger effects on the
speed of this type of wave, while a variation in 8, again has a negligible effect.
According to this analysis the speed approaches infinity as « approaches infinity
when either constraint parameter becomes unbounded; moreover in the presence
of a radial constraint with x; > 10® the wave speed is virtually independent of a.

The transmission factor for the first type of wave, exp (—8&M/Ry), increases
monotonically from 0 to 1 with « increasing from 0 to infinity. The parameters
B and B, have no effect, but a decrease in Poisson’s ratio to 0.25 can produce a
30% decrease in transmission factor. Variations in the radial constraint (0 < x; <
) may change the transmission factor by an order of magnitude. For « above 2, a
change in axial constraint (0 < x, < <) can alter the transmission factor by 30 %.

For all cases with weak constraints, the transmission factor for the second type
of wave is 1 for very large or very small « and has a minimum in the « range 3-5.
B has a very significant effect for « above 1, while Poisson’s ratio has its most sig-
nificant effect for « below 3. The transmission factor for the second type of wave
is also unaffected by 8.. As shown in Fig. 5, this transmission factor increases
with increasing radial constraint and decreases with increasing axial constraint.
For x2 2 5 X 104, the transmission factor becomes negligible at large c.

Results for the mode shape coefficients Mi—M, and phase angles ¢:1—¢¢ are shown
on Figs. 6-17. The effects of ¢, 8, , and 8; on M; and M; are not shown graphically.
Both M; and M; are independent of 8. Also, M; is independent of ¢ while M,
increases by only 32 % for @ < 2 when o decreases from 0.5 to 0.25. Furthermore,
M, is inversely proportional to 83 and Mj is inversely proportional to 8; .

Figs. 6-17 show that the second type of wave has larger axial displacements in
the basic parametric case than the first type of wave. Also, from Fig. 8 and the ob-
servation above, it follows that M, is inversely proportional to g3 and M; is in-
versely proportional to g8, . Therefore, the ratio of radial/axial displacement (M,/
M;) must become greater than 1 at a certain value of 8, . This change in the charac-
ter of the mode shape is also observed in the inviscid limit and since g, is inversely
proportional to the frequency, it implies that the first type of wave exhibits pre-
dominantly axial displacements at low frequencies (large 8;) and predominantly
radial displacements at high frequencies (small 8,). The same behavior was pre-
dicted for inviscid fluids by Maxwell and Anliker (3-5).

For a given pressure variation the constraints may cause some interesting effects.
With an increasing radial constraint the wave speed, attenuation, and axial dis-
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placements for the first type of wave are generally increasing while radial dis-
placements and mass flow rate decrease. On the other hand, the second type of
wave exhibits an increase in wave speed and a decrease in attenuation, wall dis-
placement, and fluid mass flow with increasing radial constraint. An increase in
axial constraint causes an increase in speed and attenuation up to limiting values
and a reduction in radial displacement, fluid mass flow, and axial displacement
for the first type of wave, while for the second type of wave it produces an increase
in the speed and attenuation.

The mode shape coefficients and phase angles generally exhibit an asymptotic
behavior for small and large . Therefore, in many cases of interest, an asymptotic
solution may be sufficiently accurate.

It is interesting to note that at low o the phase angles ¢ , ¢ , ¢4 , and ¢ are very
sensitive to deviations of ¢ from 0.5 and of x, from 0. This prediction may be of
value for the experimental determination of ¢ and «; .

Fluid Velocity Profiles

If only the incident wave of the first type occurs, then according to equations 43

and 44:
’ __ i VB _ 32 T
wi(r,z, t) = R S, [Sx Jo (l a Ro)] niz, 1),
' _ i B i <.a/2 r) Si r:l
ul(r,z,t) = pw_RoE[_a_ Jili OZE -2_1To Pl(Z, t)‘
These two equations can also be written in the form
wi(r, z, t) r
w—li(o—’—gz-?)— = [JO (1-3/2a E) - Sl]/ (l - Sl)’ (62)
7 ~3/2
w(r,z,t) _ VB [l (-alz L)_ﬂL]
wi0,z,1) 1-=5 TJI " YR 2 R}’ (63)

Likewise, if only the incident wave of the second type occurs,

wo(r, z,1) = — i VB I:Sz - Jo (ima —r—>:|pz(2, 1),

pro Sz Ro

Ficure7 The mode shape coefficient M, for radial displacement of the second type of wave
as a function of « for various values of the parameters ¢, 8, , 82, x1 , and xz . M, first decreases
rapidly, attains a minimum, and then increases with increasing «. It varies significantly with
Poisson’s ratio for all « and with 8, at larger «. Also, M, is inversely proportional to 83 . In
the absence of constraints, M:/M, > 1 for small « and M;/M, < 1 for large «. M; decreases
first at small « and then for all « with increasing radial constraint. With increasing axial
constraint, M, decreases and then increases at large a.
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. ~—3/2
wy(r,z, 1) = —— Be ['—— A (z“”’a L) _ 5 L:I pi(z, 1);

prosz a Ro 2Ro
or
we(r, z, ) _ AN / _
v =2 (eg) - s]/a-, (o
u;(’,z’t) _ VBz [i—8/2 (.8/2 ")_Sz r:l
wiozn - 1T-85la VR~ 2R (65)

For these simple waves, the expressions 62-65 are plotted in Figs. 18 and 19 for
the basic case in the parametric analysis (¢ = 0.5, 81 = 10, 8; = 10%, 5, = 0 = &)
and three values of «. The axial velocity for the waves of the first type is generally
largest in the center of the tube, but the difference between the magnitudes of the
axial velocity on the axis and that on the wall decreases with increasing «. The
magnitude of the radial velocity for the waves of the first type is largest near the
tube wall, and its variation with r is greatest for low a. With increasing o the phase
difference between the axial velocity at the tube wall and that on the tube axis de-
creases.

The most significant observation for the waves of the second type is that the
change in magnitude and phase of the axial velocity across the tube is negligible
at low «. This absence of an appreciable relative velocity at low a accounts for the
small attenuation of waves of the second type. At higher «, the magnitude of the
axial velocity at the tube wall is larger than at the axis. The difference in magnitude
and phase for the axial velocity on the tube axis and on the tube wall increases with
increasing a. For the radial velocity the variation in the magnitude across the tube
is greatest and the difference in phase is least at low a.

Applications

To apply the analysis presented in the preceding sections to specific cases, the in-
dependent parameters «, 81, 8z, o, k1, and x; must be prescribed. The wave propa-
gation characteristics (wave speeds, attenuation factors, and mode shapes) can
then be determined from the results given in the parametric analysis. The four ar-
bitrary constants P,, P, Py, and P, appearing in the general solution are deter-
mined by satisfying four prescribed, independent conditions imposed on the de-
pendent variables.

Ficure 8 The mode shape coefficient M; for axial displacement of the first type of wave as
a function of « for various values of the parameters o, 8: , 81 , &1 , and «s . M; increases rapidly
at small « and approaches an asymptotic limit for large «. 81 has an insignificant effect on M,
but variations in M; due to Poisson’s ratio can be significant. M, is inversely proportional to
B: . M; exhibits a small variation with axial constraint but depends strongly upon radial con-
straint for all a.
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In the past many analyses have considered only the first type of wave using the
solution given by Womersley (15). The analysis presented in this report allows for a
separate study of each type of wave as well as for the general solution involving
both types of waves. Besides this, it takes into account the effects of a distributed
radial constraint in addition to those of a distributed axial constraint introduced
by Womersley (15).

By considering only the first or radial type of wave (P;z = 0 = P,;), equations
40 and 42-48 reduce to

pzz(z, t) — Pmeia(t—zlcl)e—hzllio + P2Re€w(t+z/01)ehzlﬂo, ( 66)

QB(Z’ t) 0 M5e|¢5 [P ew(‘—llcl)e—ileﬂo Pmew(t+z/01)e61=/Ro]’ (67 )
1 M. R

ER(Z’ t) = 2R PR(Z, t) {R(z) t) Rz M3 (43 ¢5)Q;(Z, t)) (68)

wa(0, 7, 1) = —=z L4401 (7, 1), (69)

oRE M

The same equations yield for the second type of wave (Pis = 0 = Py.):
pA(Z, I) — Pues'a(l—S/Cz)e—bgt/Bo + P“emuh/c,)ea,zmo, (70)

QA(Z, 1) = oMeeoqs. [Psa ew(t—lez) —3g32/Rg __ P4Aet'w(t+1/02)e325mo]’ (71)
M, ;
EA(Z, t) = 2R PA(Z, t) {A(Z) t) :e (¢‘_¢‘)Q’A(z) t)/prgy (72)

Wa(0,2,1) = a2t 40U, ). (73)
For each type of wave these results show that the radial wall displacement is pro-
portional to the pressure and that the axial wall displacement and fluid velocity
on the axis are both proportional to the instantaneous mass flow. Therefore, when
only one type of wave and its reflections is admitted to the solution, one may not
prescribe independent conditions on pressure and on the radial wall displacements
at the same axial location. Similarly it is not permissible to introduce independent

Ficure9 The mode shape coefficient M, for axial displacement of the second type of wave
as a function of « for various values of o, 81, 82, x1 , and «. . For the basic parametric case,
M, decreases rapidly at small «, attains a minimum, and asymptotically approaches a limit
for large «. Poisson’s ratio produces a significant variation at most « while a variation in 8,
is of importance only at larger values of «. M, is inversely proportional to 8: whenA;/Ro > 1.
Axial displacement for the second type of wave can be markedly decreased by radial con-
straint at all «. With increasing axial constraint, M, increases at small « while at large « it at-
tains a maximum for a certain axial constraint and then decreases.
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I LIMITING SOLUTION.

K| =0, K2=0-5x10'4

10-2
-

10-3

M5

IO'5 1 [] 111 1 1 o1t [] [ T |
0! 100 el 102
as=vJw/v RO

Ficure 10 The mode shape coefficient M; for fluid mass flow rate with the first type of
wave as a function of « for different values of the constraint parameters x, and x; . My shows
no significant dependence upon axial constraint but continuously decreases with increasing
radial constraint for all . M is inversely proportional to the magnitude of the impedance of
the first type of wave.

conditions on the instantaneous mass flow, the axial wall displacement, and the
fluid velocity on the axis at a given axial location. For the solutions given above
(equations 6669 or 70-73) only two independent conditions are necessary to specify
the arbitrary constants.

Further specialization to a single type of wave traveling either in the 4z or —z
direction leads to wave solutions in which the instantaneous mass flow, the wall
displacements, and the fluid velocity on the axis are all proportional to the pressure.
Consequently, only one boundary condition is necessary in such cases to determine
the motion of the system.

It is important to note that in the past most experimental investigations have
attempted to interpret data in terms of only the first type of wave, and in most

1108 BiopHYSICAL JOURNAL VoOLUME 11 1971



*JUTRIISUOD [BIXE
SuIseasoul YyM SISBIIOUL PUB JUIRIISUOD [eIpRl SUISesloul UM SISBIId
-op Afjerouad oy ‘© i IV ‘aAeM JO 2dA) puodes a3 Jo ddouepaduut 3y}

%8 a/mp=p
201 el 00! =0l
T T T T T T T T T T nIO_
2-0l
=0l
o0l
1Ot

W

Jo spmmadew 941 01 [euonitodoid Apps1oAul SI S YA se ¥ pue ‘g ‘o
JO uoTIBLIBA I SPUII} SUNES o) SNGMYXd 4 * =¥ pue ‘ W ‘ 3g ¢ ig ‘0 s10%0
-wered 94) JO SaN[EA SNOLIRA JOJ @ JO UOTOUNJ B SB 9ABM JO ad4) puodas ay3
Y 9)eI Mo SSewl PINY J0J °JA JUSIOLIe0o adeys opowi Y, [ TANOI

0
M A/MA D
201 0l oO! |01
L) T T T LI T T T LI T T T _'o_
NO!LNT0S
ONILINM
/\ R
4 ¢0l-0I=%g ‘oi='d ‘s0=0
ON -
sl 440!
0
gslg ‘01=%g 'g0=0
1 _O_
i OINQ

\/llllllln 20!

122d ‘ol='g ‘g0 = 0

1

~¥-O- _¥

1109

Dispersion and Dissipation of Waves in Blood Vessels. I

JONES ET AL.



. _ IR
|O_0'-O.5,B|-|O,ﬁ2—| 10 5=BI'BZ=|02'°-=O‘5

8l LIMITING SOLUTION

¢,,degrees

o)}
T

K|=0=K2

-20 e

$,, degrees

-30_

-40 -

_50 ~

_60 ] 1 L 1__L 1 1 1 $ 1 1 1 1 1 )
107! 10 10! 102
a=vw/v Ry

Ficure 12 The phase angle ¢, for radial displacement of the first type of wave as a function
of « for various values of o, 81, 81, 11, and 3 . ¢, is independent of 8; and assumes a max-
imum for a value of « independent of & or 8, ; however, the maximum value is small for all
parameter values considered here. With increasing axial constraint, ¢, approaches zero for
all a. By contrast, as the radial constraint increases, the maximum of ¢, becomes larger and
shifts to larger «, but for large radial constraints ¢, assumes a pronounced minimum,

cases the reflected waves (waves traveling in the —z direction) were also neglected.
In several of these investigations, however, the experimental apparatus described
introduces incompatibilities with the solution that was considered for the wave
motion. For example, an electromagnetic flowmeter restricts the radial wall dis-
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Ficure 13 The phase angle ¢; for radial displacement of the second type of wave as a
function of « for various values of o, 81, 63, x1, and x: . ¢: is sensitive to changes in o, 8 ,
and B: . Note, however, that it is most sensitive to variations in 8. for cases where /R,
approaches 1. Also, only slight deviation of o from 0.5 causes a large shift for small . With
increasing axial constraint ¢; increases rapidly, particularly at large «. For increasing radial
constraint, ¢ decreases toward 0 with the most rapid decrease at small .

placement and according to equations 68 and 72 the pressure at that location will
be affected.

The parametric analysis demonstrated that the wave propagation characteristics
of the second type of wave are more sensitive to physical and geometric system
parameters than those of the first type of wave. It is therefore particularly desirable
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FiGURE 14 The phase angle ¢; for axial displacement of the first type of wave as a function
of « with various values of the parameters o, 8 , 82, 1, and . . ¢3 is independent of 8, and,
for all B; > 100, it decreases monotonically from the asymptotic limit at low « and ap-
proaches asymptotically a lower limit at large «. For smaller 8, , ¢; assumes a relative max-
imum. At small «, ¢; is generally very sensitive to departures of ¢ from 0.5. Axial con-

straints have a mild effect upon ¢; at intermediate values of « while radial constraints in-
crease ¢; markedly.
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Ficure 15 The phase angle ¢, for axial displacement of the second type of wave as a
function of « for various values of the parameters o, 81 , 82, x1 , and xs . Except for g; < 100,
¢, increases from the asymptotic limit at low « toward a limiting value. Significant varia-
tions in ¢, can be observed with ¢ and g, . ¢4 is also very sensitive to departures of + from
0.5 at small «. ¢4 increases with increasing axial constraint, particularly at large o, while it
decreases with increasing radial constraint at all «.

to acquire experimental data on the second type of wave when the physical param-
eters are to be determined from wave transmission characteristics.

V. CONCLUSIONS

The general solution of the boundary value problem posed in this analysis produces
two types of waves traveling along the axis of the vessel. The first or slower type of
wave has been studied extensively by Womersley and others. Both types have been
investigated by several authors (3-5, 16, 19-24), however, without considering the
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FiGure 16 The phase angle ¢5 for fluid mass flow rate of the first type of wave as a func-
tion of « for different values of the constraint parameters «, and «: .

effects of constraints. The results of Atabek and Lew (16), Womersley (15), and
the present analysis are in good agreement for corresponding values of the system
parameters. The analytical predictions given here for the large « limit also corrobo-
rate those of Maxwell and Anliker (3-5) for an inviscid fluid.

As in the publications by Womersley (15) and Atabek and Lew (16), the fluid
viscosity appears in this investigation only through the nondimensional parameter
o = V/w/vRy . A parametric study shows that a variation in « produces the most
significant changes in the wave propagation characteristics for the slow waves
when « < 5 and for the fast waves when « > 1. The frequency appears not only
in @, but also in the parameter 8, = Co/(Row) which plays an important role in
determining the mode shapes.

In the presence of a weak radial constraint, the wave speed for the first type of
wave (C,) increases monotonically with o from 0 at « = 0 and reaches asympto-
tically a value which differs by less than 20% from the Moens-Korteweg speed
Cy . For the second type of wave with very small values of « and mild distributed
external constraints (axial and/or radial) the wave speed (C.) is relatively insensi-
tive to variations in . Furthermore, C; = 1.8 C, for @ < 1, and with increasing «
it approaches an approximate limit value of 5 C, . A distributed radial constraint
can produce an order of magnitude variation in C; while a distributed axial con-
straint produces a variation of less than 20 %; however, a radial or axial constraint
can cause an infinite change in C; .

Regardless of the constraints, the first or slower type of wave is strongly
attenuated for o < 1, and the attenuation due to the blood viscosity diminishes
rapidly with increasing «. In the absence of constraints the waves of the second or
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FiGure 17 The phase angle ¢¢ for fluid mass flow rate of second type of wave as a function
of « for various values of the parameters o, 81 , 82, x1, and x: . ¢¢ shows the same trends as
¢2 , the phase angle for radial displacement with this type of wave. Constraints also produce
similar effects on ¢¢ as on ¢2 .

faster type exhibit a small attenuation due to the viscosity of the blood for o < 0.2
and o > 100. Their attenuation assumes a maximum for ¢ & 2.8 and in contrast
to the slow waves, is strongly affected by either distributed external constraint.
For the first type of wave the wall displacement has a dominant radial compo-
nent at high frequencies but at low frequencies the axial displacement component
dominates. The second type of wave has a dominant axial displacement component.
Both of these statements are true in the presence of weak external constraints.
Increasing constraints alter the displacements considerably. The wall motions
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associated with the two types of waves indicate that the faster type of wave involves
a strong shearing interaction between the blood and the vessel wall while the slow
type of wave should exhibit relatively strong pressure fluctuations, particularly
at higher frequencies.

The second type of wave was found to be much more sensitive to variations
in the system parameters than the first type. The phase angles between pressure
and radial wall displacement for the first type of wave are almost negligible. An
investigation of the effects of discrete constraints such as clamps or electromagnetic
flowmeters on the pressure and instantaneous mass flow has demonstrated that
such constraints may produce significant effects.

NOMENCLATURE

B,, B, Parameters defined by equation 36.
Co Moens-Korteweg wave speed defined in equation 25.
C: Wave speed for first type of wave given in equation 42.
C. Wave speed for second type of wave given in equation 42.
E Modulus of elasticity for the tube wall.
F(z) An arbitrary function of z.
Fi(z) An arbitrary function of z.
F: An arbitrary constant in equation 15.
F; An arbitrary constant in equation 30
h  Wall thickness.
i, Unit vector normal to wall.
i Unit vector in radial direction.
i. Unit vector in axial direction.
Jo Bessel function of first kind of order 0.
Ji  Bessel function of first kind of order 1.
K, Proportionality factor for radial constraint.
K, Proportionality factor for axial constraint.
L Characteristic axial dimension.
M-M; Mode shape coefficients defined in equations 49-52.
p Pressure.
P—~P; Arbitrary constants in equation 40.
Q Fluid mass flow rate.
r Radial coordinate.
R, Mean radius of the tube.
S1,S: Functions defined by equation 39.
t Time.
u Radial velocity component.
w Axial velocity component.
Y; Bessel function of second kind of order 0.
Y: Bessel function of second kind of order 1.
z Adxial coordinate.
Z(2), Z\(z) Arbitrary functions of z.
a Parameter defined by equation 25.
B1, B Parameters defined by equation 24,
B: Parameter defined by equation 25.
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T, Radial constraint parameter defined by equation 24.
T'; Axial constraint parameter defined by equation 24.
81,8, Attenuation coefficients defined by equation 42,
¢ Axial wall displacements.
@ Circumferential angle.
k1, k2 Constraint parameters defined in equation 59.
M Wavelength for first type of wave.
A2 Wavelength for second type of wave.
u  Coefficient of viscosity of fluid.
v Kinematic viscosity of fluid.
¢ Radial wall displacement.
p Fluid density.
po Wall density.
o Poisson’s ratio for the elastic wall.

Taz sTersTrz yTo  Stress components.

¢1—¢s The phase angles defined by equations 49-52.
w Circular frequency.

( ). Steady-state quantity.

( ) Unsteady component of a system quantity.
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