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ABSTRACT 

Ultrasound has been applied to blood clots to enhance enzyme-mediated throm- 
bolysis through unknown mechanisms. A basic physical description of a blood clot 
is a two-phase medium composed of a saturating fluid and an interconnected net- 
work of elastic material. Acoustic wave propagation in a fluid-saturated, poroelastic 
medium can be represented by Biot's theory. The question therefore arises, Might 
blood clots support the propagation of sound in a way consistent with Biot's theory? 
We address this question by first surveying the literature for measurements of the 
physical properties of blood clots that are needed to apply Biot's theory. We discuss 
the strengths and weaknesses of these measurements, and determine a useful set of 
values for modeling. Using these parameter values, we then calculate the phase ve- 
locities and absorption coefficients of the three waves predicted by Biot's theory for 
various types of blood clots in an unbounded medium. 
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1. INTRODUCTION 

In vitro and in vivo experiments have shown that ultrasound accelerates enzyme- 
mediated thrombolysis [1-11]. One mechanism for this enhanced thrombolysis is the 
microstreaming that accompanies bubbles resulting from cavitation. However, cav- 
itation in vivo is unlikely because of the high pressure threshold for cavitation in 
whole blood relative to the acoustic conditions typically used for ultrasound-assisted 
thrombolysis [12]. Moreover, recent in vitro studies show ultrasonic acceleration of 
enzyme-mediated thrombolysis even when cavitation is suppressed by degassing the 
saturating fluid and applying an overpressure [13,14]. Everbach et al. [13] and Blinc et 
al. [5] show that a thermal mechanism cannot account for the thrombolysis observed 
in vitro after cavitation is suppressed. Blood clots can be described as fluid-saturated 
poroelastic media [15]. Hence, we hypothesize a nonthermal and noncavitational 
mechanism based on Biot's theory. The salient characteristic of this proposed mecha- 
nism is that ultrasound causes the saturating fluid to move relative to the underlying 
network of fibrin fibers, which permits advection as well as diffusion of clot-lysing 
agents. 

Biot [16,17] developed a theory for the propagation of linear acoustic waves in a 
fluid-saturated poroelastic medium. He was originally concerned with wave propaga- 
tion in soil, which he treated as an elastic skeletal frame and a saturating fluid on 
an equal footing. That is, the dynamic behavior of the fluid and the skeletal frame 
were included independently by considering the displacements and stress tensors of 
the underlying constituents. Since the pioneering work of Biot, others have applied 
this theory to many diverse fluid-saturated poroelastic structures such as rocks and 
synthetic sandstones [18], sea sediments [19], and gels [20]. A general review of the 
theory has been given by Johnson [21]. 

A homogeneous fluid supports a single compressional wave while a homogeneous, 
isotropic elastic medium supports a compressional wave as well as coupled and un- 
coupled shear waves. A remarkable feature of Biot's theory is the presence of two, 
distinct compressional waves as well as coupled and uncoupled shear waves. The dy- 
namics of the shear waves predicted by Biot's theory are similar to those predicted 
by elasticity theory (with an appropriate definition of the phase velocity for the shear 
waves). The compressional waves are commonly referred to as the fast wave and the 
slow wave because of their respective phase velocities. Typically, the phase velocity of 
the fast wave lies between the compressional phase velocities of the elastic constituent 
and the fluid constituent. The phase velocity of the slow wave is generally less than 
the compressional phase velocity of both constituents. 
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As the fast wave propagates through a fluid-saturated poroelastic medium, the 
fluid and the skeletal frame compress and expand nearly in-phase and in the direction 
of propagation. That is, the fluid and skeletal frame move in the same direction at 
the same time with a slight phase offset. For the slow wave, the fluid and the skeletal 
frame move largely out-of-phase, nearly in opposite directions. For the shear waves 
(i.e., waves in the plane transverse to the direction of propagation), the fluid and 
the skeletal frame exhibit nearly in-phase relative motion. A key feature of all of 
the waves manifest by Biot's theory is that the saturating fluid moves relative to the 
skeletal frame. This suggests that the enhancement of enzyme-mediated thrombolysis 
by the application of ultrasound may be due to enhanced transport, by advection, 
of clot-lysing agents within the blood clot. The purpose of this report is to lay the 
theoretical foundation necessary to build a predictive model of this hypothesis. 

In Section 2, we summarize an extensive literature search for the material proper- 
ties of saturated blood clots, the saturating fluid (plasma and serum), and the fibrin 
fibers. In Section 3, a representative set of parameters for a whole-blood clot is used 
with Biot's theory to predict the phase velocities and absorption coefficients for fast, 
slow, and shear waves. Conclusions are given in Section 4. A concise mathemati- 
cal formulation of Biot's theory has been given by Kargl et a!. [22] and will not be 
repeated here. 
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2. DETERMINING MATERIAL PARAMETERS 

Determining the acoustic properties of a fluid-saturated poroelastic medium via 
Biot's theory requires a minimum of ten physical parameters [21-23]. The first three 
parameters describe intrinsic properties of a poroelastic medium. These parameters 
are the porosity, hydrostatic permeability, and tortuosity, which are designated as ß, 
Kd, and a, respectively. The next three parameters pertain to the saturating fluid. 
These parameters are the density, dynamic viscosity, and bulk modulus, which are 
denoted by pf, rj, and Kf, respectively. For the blood clots considered here, the 
fluid is serum (i.e., fibrinogen-free plasma). The final four parameters describe the 
viscoelastic properties of the elastic constituent and the drained skeletal frame. A 
"drained skeletal frame" is the elastic medium after removal of the saturating fluid 
but retaining the porous structure. The elastic constituent is fibrin, and its density 
and bulk modulus are denoted by pe and Ke. The viscoelastic behavior of the drained 
skeletal frame is parameterized by a bulk modulus, Kb, and a shear rigidity, N. 

We were able to gather together representative values of these parameters from 
the literature for four types of clots: whole-blood clots, plasma blood clots, coarse 
fibrin gels, and fine fibrin gels. Whole blood clots occur both in vivo and in vitro, 
whereas the other types of clots are used only for in vitro studies. A whole-blood 
clot has within it not only fibrin and serum, but also platelets and occasional red 
and white blood cells. The net effect is that whole-blood clots are the stiffest and 
most permeable of the four types. A clot made from plasma is free of erythrocytes 
and platelets. Coarse fibrin gels are composed of serum and fibrin. They have a 
permeability that can rival that of whole blood clots, although they have a weaker 
frame. Fine fibrin gels are the least permeable and least resistant to stress. The gels 
are often used as in vitro models of blood clots because fibrin gels are easy to handle 
and have the most easily reproducible structure. We compiled the required parameters 
from a variety of references because we could not find an individual reference that gave 
all of these quantities for a single clot or clot type. This is not surprising because 
previous researchers have not investigated a paradigm based on Biot's theory as a 
mechanism for ultrasound-assisted thrombolysis. 

2.1 Porosity, ß 

The porosity, ß, of a porous medium is a measure of the relative percentage, 
by volume, of the pore space to the total volume of the sample. Values of ß range 
from 0 to 1, with 1 being more vacuous and 0 being less vacuous. The porosity of 
a random packing of sand is nominally 0.38, whereas for almost all types of blood 
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clots the porosity is greater than 0.9. Rosser et al. [24] report that the porosity of 
coarse and fine fibrin gels is greater than 0.97. In a summary of observations of the 
porosity of a range of clot types, Anand et al. [25] report that ß ranges from 0.75 to 
0.99. This is a critical parameter for the application of Biot's theory to blood clots. 
For whole-blood clots, we use./? = 0.90, for plasma blood clots ß = 0.97, and for fine 

and coarse fibrin gels ß = 0.99. 

2.2 Hydrostatic Permeability, Kd 

The hydrostatic permeability, or Darcy's constant, Kd, is a measure of how well a 
liquid flows through a permeable medium. The larger the value, the more permeable 
the medium. Hydrostatic permeability appears to vary by several orders of magnitude 
between types of clots and be highly variable even within a given type. Anand et 
al. [25] found 1 x 10"12 < Kd < 1 x 10-16 m2 for a variety of clot types. Okada 
and Blomback [26] studied a variety of factors that affect fibrin gel structure. By 
measuring the flow of latex spheres through clots, they obtained good estimates for 
the pore sizes within the clots as well as the variance in those pore sizes. (The 
pore sizes ranged from hundreds of nanometers to a few microns, with a variance 
of about plus or minus five percent.) From the pore sizes, Okada and Blomback 
inferred Kd^lx 10~13 m2 for a plasma clot, which is consistent with values reported 
by Anand et al. Carr and Hardin [27] show that when erythrocytes are present, 
the average pore size of fibrin gels is significantly increased, rivalling that of whole 
blood clots. Therefore, not only the ionic strength of the fibrinogen-thrombin solution 
(which also controls fibrin-mesh thickness) but also the presence or absence of cells 
such as red or white blood cells or platelets helps determine pore size, and hence 
hydrostatic permeability. Carr and Hardin give Kd sa 1 x 10"12 m2 as representative 
for clots made of whole blood, plasma, and fibrin when erythrocytes are present. 
The hydrostatic permeability of coarse and fine fibrin gels has been measured by 
Rosser et al. [24], who found 1 x 10~13 < Kd < 1 x 10-14 m2 for coarse gels and 
1 x 10~15 < Kd < 1 x 10~16 m2 for fine gels. Carr et al. [28] provide independent 
estimates for these types of clots. Their values are Kd^hx 10-13 and 6 x 10-15 m2 

for coarse and fine fibrin clots, respectively. 

For whole-blood clots, we use the value of Kd = 1 x 10~12 m2 measured directly 
by Carr and Hardin for a well-characterized clot. The only direct measurement we 
could find of the hydrostatic permeability of clots made from plasma was Kd = 
1 x 10~13 m2 by Okada and Blomback, a plausible value. Finally, we use the values 
of Kd = 5 x 10~13 m2 and Kd = 6 x 10"15 m2 measured by Carr et al. for coarse and 
fine fibrin clots, which are consistent with the other measurements reported above. 
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2.3 Tortuosity, a 

The tortuosity, a, of a porous material gives a measure of the structure and 
convolution of the pores within the material. It is an intrinsic geometric quantity 
that is greater than or equal to unity. When the pores within a porous material are 
uniform, straight, cylindrical tubes, then the tortuosity attains its lower limit of 1. As 
the pore geometry deviates from straight tubes, the tortuosity increases. Kargl and 
Lim [23] summarize various analytic and empirical results that relate the tortuosity 
to porosity for a given microstructure of a porous material. Micrographs of various 
types of clots indicate that the fibrin mesh is composed of a random formation of 
thin, cylindrical bundles of fibrin [15]. This suggests that the analytic result for a self- 
similar random array of needles may provide an adequate estimate for the tortuosity 
of blood clots, which Table I of Kargl and Lim puts between 1.01 and 1.1. 

2.4 Density of Plasma and Serum, pf 

Duck [29] gives a solid measure of the density of plasma, pf = 1027 kg/m3, which 
we use for our calculations. This value is adequate for serum because the protein 
content of plasma will make a negligible contribution to the density compared to the 
uncertainty in the other measured quantities. 

2.5 Dynamic Viscosity of Plasma and Serum, r? 

There are a number of references that give the dynamic viscosity, 77, of plasma and 
serum, including articles by Watson [30] and Shearn et al. [31,32], who considered the 
effects of disease, and Duck [29], who gives a fairly exhaustive survey of the literature. 
All of these references are for shear rates that are, with one exception, much too small 
to be relevant to our study. In addition, most researchers work with biological fluids 
at temperatures that are well below a body temperature of 37°C. 

Rosenson et al. [33] measured the dynamic viscosity of whole blood, plasma, and 
serum in healthy adults in order to establish a baseline against which to compare the 
corresponding dynamic viscosity of blood and blood products of people with diseases. 
The shear rates that they considered are those that are generally manifest within 
blood vessels and are considerably lower than those induced by ultrasound. However, 
they did keep their experimental fluids at body temperature. They observed no 
non-Newtonian behavior in plasma or serum, but did so in blood. Their values of 
1.27 ± 0.06 millipoiseuille (mPl) for serum and 1.38 ± 0.08 mPl for plasma appear to 
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be a good upper bound for the dynamic viscosity. 

Merrill and Wells [34] present a detailed and excellent discussion of the generally 
non-Newtonian behavior of a variety of biological fluids, with a strong emphasis on 
blood and blood products. They discuss the biological basis for those results, generally 
in terms of the multiscale relaxation of macromolecules (and cells where appropriate) 
within the fluids. Merrill and Wells report rj = 1.17 mPl for plasma, but their data 
were restricted to shear rates that are too low for our purposes. However, they 
reference other work with shear rates up to 20 kHz for plasma in which the measured 
dynamic viscosity was 1.04 mPl and appeared to be constant above 3 kHz. We have 
chosen 1.04 mPl for the value of dynamic viscosity of serum because the measured 
value for plasma was constant over a wide range of relatively high shear rates, the 
dynamic viscosity of plasma and serum are comparable at low shear rates, and there 
is a lack of other more relevant data. 

2.6 Bulk Modulus of Plasma and Serum, Kf 

We could not find measured values of the bulk modulus, Kf, and the sound 
speed, Cf, of serum. However, we were able to find the speed of sound in plasma, 
from which we can determine its bulk modulus. Because serum is plasma without 
fibrinogen, we chose the sound speed value for the plasma that contained the least 
amount of proteins to approximate the sound speed of serum and hence its bulk 
modulus. Carstensen and Schwan [35] measured both absorption and sound speed in 
a variety of hemoglobin solutions created from blood from different mammals. They 
systematically varied the percentage of hemoglobin in the solutions and developed a 
mathematical model of the absorption based on the concept of multiscale relaxation 
processes. Carstensen and Schwan report cf — 1608 m/s for a solution containing free 
beef hemoglobin at whole-blood protein levels. Unfortunately for the present work, 
the temperature of their experimental hemoglobin solutions was 25°C. However, they 
did see a reduction in sound speed with a reduction in the amount of free hemoglobin, 
which is a trend that also shows up in plasma. Their results are interesting because 
they show that increasing the level of protein increases the sound speed of blood 
products. Collings and Bajenov [36] measured the sound speed in human blood and 
plasma over a large range of frequencies (all higher than necessary for our current 
study) and over a large range of temperatures that included body temperature. They 
report a sound speed of 1550 m/s at a frequency of 2.67 GHz for a plasma containing 
0.0516 g/ml of protein at 37°C. Their results seem to be a good upper bound for the 
sound speed of serum because of the general trend for sound speed to increase with 
both protein content and frequency and their observation that the sound speed in 
plasma was independent of frequency in the range that they considered.  Aubert et 
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al. [37], referenced by Duck [29], give perhaps the best estimate for the sound speed 
in serum, cf = 1530 m/s, because their plasma contained a relatively small amount of 
protein (0.0129 g/ml) and the frequency range (1-10 MHz) and temperature (37°C) 
were appropriate. This value of sound speed is consistent with the effects of frequency 
and protein content reported in other references. 

The bulk modulus is obtained from Kf = pfcj, where cf = 1530 m/s and density 
pf = 1027 kg/m3, as given in Section 2.4. This yields Kf « 2400 MPa. As a 
comparison, the bulk modulus of fresh water is approximately 2250 MPa at room 
temperature and one atmosphere ambient pressure. 

2.7 Density of Hydrated Fibrin, pe 

There is a paucity of references for the density of hydrated fibrin, pe (indeed, 
for protein in general). Ferry and Morrison [38] report the only direct measure of 
fibrin density that we could find, in an elegant and intuitive analysis. In order to 
determine the density of fibrin, they constructed fibrin films with an ever-increasing 
ratio of fibrin to saturating liquid for a variety of liquids (water and water/glycerol 
mixtures). They then allowed the fibrin films to float in the different liquids. By 
calculating the amount of displaced fluid in each case, they inferred the density of 
the films. As the ratio of fibrin to liquid increased, the inferred density increased to 
1300 kg/m3 for films made out of 100% fibrin. There is, however, some uncertainty 
in that value because the pressure applied to the fibrin to produce the films was not 
enough, by their analysis, to drive the liquid entirely out of the fibrin fibers. This 
suggests that there was still liquid saturating the fibrin fibers at what they report to 
be a concentration of 100% fibrin. Thus, their value of approximately 1300 kg/m3 for 
the density of 100% fibrin is probably more appropriate for the density of saturated 
fibrin. 

Carr and Hermans [28], Voter et al. [39], and Carr (personal communication, 1998) 
give a value of density that is a measure of the actual protein concentration within 
a fibrin fiber, rather than a measure of how well or poorly a fibrin fiber will float. 
Carr and Hermans report that proteins take up about 20% of the volume of fibrin, 
with serum taking up the rest. Their research indicates that fibrin is denser than 
serum, without quantifying the value of that density. Voter et al. find a comparable 
value for protein concentration, with the percentages of fibrin and serum depending 
on the ionic strength of the fluid during clot formation. As discussed in Section 2.8, 
Kaibara et al. [40] show that the structure of the fibrin in a clot (e.g., the porosity and 
the thickness of fibrin strands) varies significantly, depending on the ionic strength. 
Therefore, it is likely that the density of fibrin varies with clot type. We used Ferry 
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and Morrison's value of pe = 1300 km/m3 [38]. However, because the density of fibrin 
is a crucial parameter in Biot's theory, and because the measurements of Ferry and 
Morrison [38] were made before a thorough appreciation of how the structure of clots 
varies with ionic strength, better and wider-ranging measurements of fibrin density 
are required to refine the predictions from Biot's theory. 

2.8 Shear Rigidity of Saturated Clots 

The shear rigidity of a material is a measure of how well that material resists 
shear forces. The larger the shear rigidity, the more resistant that material is to 
deformation due to shear forces. The shear rigidity is a well-studied quantity for a 
range of clot types. Motivation for that work includes the desire to explore variations 
in the strength of cross-linking between fibrin fibers under a variety of physiologically 
relevant conditions and to see how various drugs and chemicals affect the ability 
of a clot to resist shear stress. Unfortunately, these studies all consider very small 
shear rates relative to our current needs, and many of these studies were performed 
at room temperature. However, the values reported for shear rigidity are sufficiently 
small that large uncertainties in these value would not alter our calculations. Kaibara 
and Fukada [41] show that the shear rigidity decreases with increasing temperature 
for clots made from whole blood and plasma that are subjected to a periodic strain 
(about 10 Hz) throughout their formation. They also show that the decrease is on 
the order of 10 to 20%. While not directly relevant, these values can be taken as an 
upper bound, at least for these low shear rates. 

Measurements of the shear rigidity of clots made from whole blood are reported 
in various references. Overholser et al. [42] report a value of 300 - ilO Pa, where 
the complex-valued shear rigidity is a manifestation of an intrinsic absorption loss. 
This measurement was performed with whole blood at body temperature. Kaibara 
and Fukada [43] found a range of values from 100 - zlO Pa to 150 - i30 Pa, but their 
measurements were conducted at room temperature. Kamykowski et al. [44] measured 
the shear rigidity of a variety of clot types; however, they provide only the real part 
of the shear rigidity, which ranges from 70 to 2600 Pa, and their measurements were 
conducted at room temperature. Hence we use the value of 300 - zlO Pa given by 
Overholser et al. for whole-blood clots to constrain the inversion procedure described 
in Section 2.9. 

Kaibara and Fukada [41,45] report two measurements of the shear rigidity of a 
clot formed from a plasma at room temperature. In their first paper, they report a 
shear rigidity greater than 22.5 - z2.5 Pa, while in the second paper they state a value 
of 800 - ^200 Pa.   Furthermore, they observe that for clots subjected to a periodic 
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strain throughout their formation, those made from whole blood have a larger shear 
rigidity than those made from plasma. They say that this is due to the presence of 
cells within the clot. However, the one value they report for the shear rigidity of a 
plasma clot not subjected to periodic strain throughout its formation is larger than 
that reported by others for whole blood under the same conditions. The lesson here 
is that the shear rigidity of clots is small but varies significantly, depending on the 
conditions during formation. 

We could find only one paper that discussed the shear rigidity of coarse fibrin gels. 
The shear rate was the highest reported in any of the papers we could find on the 
shear rigidity of clots, and the shear rigidity was one of the highest of any clot type: 
1000 - ilOO Pa. 

Rosser et al. [24] also give values for the shear rigidity of fine fibrin gels at relatively 
high shear rates. These data provide perhaps the best estimate for the shear rigidity 
applicable to ultrasonic clot lysis. Their result of 400 - z80 Pa is consistent with 
the results of Nelb et al. [46] measured under static rather than periodic strain. In 
addition, Nelb et al. report only a real-valued shear rigidity, which ranges from 100 
to 1000 Pa. These measurements are the only indication we have that the shear 
rigidity is frequency independent. Unfortunately, two measurements are inadequate 
to determine the frequency dependence of shear rigidity. 

Kaibara et al. [40] describe how the shear rigidity of a fibrin gel and the associated 
structure of the fibrin frame change with the ionic strength of the fibrinogen-thrombin 
solution. At low and high ionic strengths, the fibers that make up the frame of the 
clot are thick owing to the aggregation of fibrin bundles, creating a coarse fibrin gel 
whose shear rigidity is maximal. At intermediate ionic strengths, the clot frame is 
made up of thin fibers (protofibrils, or fibrin bundles), producing a fine fibrin gel with 
a shear rigidity about 20% smaller than that at low and high ionic strengths. The 
difference appears to be due to the relative number density of molecular bonds in the 
fibrin frame. 

Finally, Kamykowski et al. [44], Kaibara et al. [40], Nelb et al. [46], and Bale et 
al. [47] all give values for the shear rigidity of a variety of clot types that are consistent 
with a shear rigidity ranging between 100 and 1000 Pa, again for a very small or zero 
shear rate. Unless the shear rate has a significant frequency dependence, the shear 
rigidity of a blood clot appears to be much smaller than its bulk modulus (another 
poorly determined quantity), and thus we can expect that blood clots do not support 
the propagation of shear waves at megahertz frequencies. This hypothesis is borne 
out by our calculations. 
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The measurements of shear rigidity just discussed involved clots containing a 
saturating fluid and low shear rates. At these shear rates, the dynamic viscosity 
would have a negligible effect on the measured shear rigidity. Therefore the majority 
of the shear stress should be supported by the fibrin frame. For clots made from whole 
blood, we use the value of 300 - zlO Pa measured by Overholser et al. [42]. For clots 
made from plasma, we use 800 - ^200 Pa as measured by Kaibara and Fukada [41]. 
For both coarse and fine fibrin gels, we use 1000 - ^100 Pa as found by Rosser et 
al. [24]. The real parts of these values of shear rigidity are used to constrain an 
inversion procedure described in Section 2.9, and as such are not directly used within 
the framework of Biot's theory. 

2.9 Bulk Moduli for Hydrated Fibrin and Drained Skeletal 
Frame, Ke and Kj, 

Direct measurements of the bulk moduli of an isolated hydrated fibrin fiber, Ke, 
or a drained skeletal frame, Kb, for any clot type are unavailable from the literature. 
To estimate Ke and Kb, we implemented an inversion procedure based on effective 
medium theories for elastic composites [48,49]. Effective medium theories reduce 
the complexity of a composite material while capturing the macroscopic dynamics. 
A fluid model for a blood clot, for example, requires only the density and sound 
speed to describe compressional wave propagation, and knowledge of the complicated 
microstructure can be ignored. 

Throughout the inversion, we assume that the density of the saturating fluid is 
pf = 1027 kg/m3 (Section 2.4), the density of an isolated fibrin fiber is pe = 1300 
kg/m3 (Section 2.7), and the bulk modulus of the saturating fluid is Kf = 2400 MPa 
(Section 2.6). The inversion is constrained by the measured porosity given in Sec- 
tion 2.1 and the shear rigidities of various saturated clot types given in Section 2.8. 
In the following discussion, a "saturated clot" refers to a blood clot composed of a 
network of fibrin fibers and completely saturated by a fluid. A "drained clot" refers to 
a clot in which the saturating fluid has been removed while maintaining the structure 
of the fibrin fiber network (which we refer to as a "drained skeletal frame"). 

On a long enough length scale, a fluid-saturated blood clot can be treated as an 
effective medium. The Hashin-Shtrikman (HS) bounds [50-52] are rigorous lower and 
upper bounds on any estimate of effective elastic moduli for a composite medium 
composed of n constituents. The HS bounds are based on a variational analysis and 
depend on only the material parameters and volume fraction of each constituent. All 
other effective medium theories require additional information about the composite 
such as the orientation and shape of the microstructure.  Let Kt and ^ denote the 
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bulk modulus and shear rigidity for the ith. constituent. Then, for a composite with 
only two elastic constituents, the lower HS bounds on the bulk modulus, Ku and 
shear rigidity, pn, are determined from 

c\       ,       c2 

Ki + öi      Ki + ai     K2 + ax 
+ ^r- (1) 

and 
Cl      + -^r, (2) 

Hi + Fx      ßx + ^1     Hi + Fx' 
where cx and c2 = 1 - C\ are the volume concentrations of the individual constituents, 
ax = 4/xi/3, and Fx = [AH(9ä"I + 8//i)]/[6(Ä'i + 2/ü)].   Equations (1) and (2) are 
subject to the restrictions that 0 < Kx < K2 and 0 < p-x < p2.  If constituent one 
is an inviscid fluid such that //i = 0 and constituent two is an elastic material, then 
Eq. (1) reduces to 

J_ = iL + _2L (3) 
Kt     K2     K2 

and (2) produces \i\ = 0. Equations (l)-(3) are specified in terms of elastic materials; 
however, the correspondence principle permits the material parameters to become 
complex-valued such that these expressions also apply to viscoelastic materials [53]. 
Finally, we note that (3) is equivalent to Wood's mixture law, which is often employed 
in ocean acoustics to determine the sound speed when bubbles are present [54]. 

To proceed with the first step of the inversion, we assume that a measured com- 
pressional sound speed in a fluid-saturated clot, cm, will be proportional to the speed 
of sound in the saturating fluid such that cm = Scf. This assumption may be justified 
by comparing the sound speed of cf = 1530 m/s given in Section 2.6 with the value 
of 1538 ±0.2 m/s at 30°C reported by Everbach [55] for clotted human blood plasma. 
Furthermore, as discussed in Section 2.1, the porosity of blood clots suggests that a 
fluid-saturated clot may be considered fluid-like, and we have 

cm = Km/Pm = 52Kf/pf = 524, (4) 

Pm = (l-ß)pe + ßPf, (5) 

where pm and Km represent the effective properties of the fluid-like clot. The subscript 
"m" denotes "effective quantities" associated with a fluid-saturated clot. Combining 
Eqs. (3) and (4) and some algebra yields 

it-Mtk-')- (6) 

where constituent one corresponds to the saturating fluid (ex = ß, Ki = Kf, and 
px = 0) and constituent two corresponds to an isolated fibrin fiber (c2 = 1 — ß, K2 = 
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Ke, and /J2 = A*e)- TO
 reiterate, Eq. (6) gives the bulk modulus of an isolated fibrin 

fiber, Ke. The overriding assumptions are that the lower Hashin-Shtrikman bound 
applies and that the measured compressional sound speed in a fluid-saturated clot 
is linearly related to the speed of sound in the saturating fluid. The proportionality 
constant, 6, is considered a free parameter. However, its value is constrained by the 
ordering of Kf and Ke imposed by the HS bounds. 

The next step in the inversion requires placing a constraint on the effective shear 
rigidity of a saturated clot based on the measured results discussed in Section 2.8. 
We first set ß to the value indicated in Table 1, and using Eq. (6) we adjusted S to 
yield values for the ratio Kf/Ke. The values in the first four rows were determined by 
targeting a value of Kf/Ke = 0.1 and in the last four rows by targeting Kf/Ke = 0.5. 
We have no a priori means of selecting a value for Kf/Ke; Kf/Ke = 0.1 coincides with 
a Ke value in the neighborhood of steel and 0.5 to a Ke value only twice that of the 
saturating fluid. From the values for this ratio and Kf = 2400 mPa, we determined 
the values of Ke shown in column 4. The consequences of choosing Ke based on 
Kf/Ke = 0.5 or 0.1 are discussed further below. 

Table 1. Parameters values used in and obtained from the inversion to determine 
Kh and N for a fluid-saturated clot; ß is the porosity of the poroelastic medium, 5 is 
a proportionality constant, Ke and fie are estimates of the elastic moduli of fibrin, 
Km and \im are estimates of the elastic moduli of a fluid-saturated clot, and Kb and 
N are the moduli for a drained clot. 

Ke He Km fJ>m Kb N 

Clot Type ß S (MPa) (kPa) (MPa) (Pa) (Pa) (Pa) 

Whole 0.90 1.03462 23980 22.27 2637 300.1 350.8 228.6 
Plasma 0.97 1.00975 23880 227.3 2467 800.2 947.7 621.9 
Fine 0.99 1.00320 23950 353.6 2422 400.0 475.4 312.5 
Coarse 0.99 1.00320 23950 884.1 2422 1000.1 1189 781.3 

Whole 0.90 1.01262 4802 22.27 2526 300.1 350.8 228.6 
Plasma 0.97 1.00359 4799 227.3 2437 800.2 947.7 621.9 

Fine 0.99 1.00118 4800 353.6 2412 400.0 475.4 312.5 
Coarse 0.99 1.00118 4800 884.1 2412 1000.0 1188 781.3 

The values in the last five columns in Table 1 were determined by applying Berry- 
man's self-consistent effective medium theory to a fluid-saturated clot. A detailed 
discussion of this procedure can be found elsewhere [48,49]; we merely quote results 
for a two-constituent composite elastic medium with needle-like inclusions: 

c^Kx - Km)Plm + c2(K2 - Km)P2m = 0, (7) 
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Tm — ßm', 

C2(M2 - Vm)Q2m = 0, (8) 

Km + ßm + Mi/3 ,  s 

#1 + Mm + Ml/3 ' 

Mm+7m             #1 + 4Mm/3     \ ^ 

Ml+7m        -ßr + Mm + Ml/3/ 

■J-^m "r Mm /-i 1 \ 
13Xm + 7/um' 

We note that the self-consistent moduli satisfy the rigorous lower and upper Hashin- 
Shtrikman bounds. Again, the subscript "m" designates that the quantity is a prop- 
erty of the "effective medium." Equations (7) through (11) are solved using a iterative 
technique, and P2m and Q2m are determined from substitution of appropriate sub- 
scripts in Eqs. (9) and (10). 

In Eqs. (7) through (11), we set cx = ß, Kx = Kf, ßX = 0, c2 = 1 - ß, and 
K2 = Ke. This leaves the value of /i2 = Me (the shear rigidity of an isolated fibrin 
fiber) as a free parameter. We adjusted the value of /u,e to arrive at values for Km and 
\xm (columns 6 and 7 of Table 1) such that the value of [im was constrained by the real 
part of the experimentally determined values discussed in Section 2.8 for the various 
types of fluid-saturated blood clots. Using Eqs. (4) and (5) with the tabulated values 
of Km, we predicted a speed of sound for various fluid-saturated clots that satisfied 
constraints on 5. 

In the final step of the inversion, we applied the self-consistent effective medium 
theory again, but in this case the saturating fluid had been removed. Hence, cx = ß, 
Kx = /i! = 0, c2 = 1 - ß, and we used the estimates of Ke and /ie for an isolated 
fibrin fiber in a fluid-saturated clot to obtain new estimates of Km and [im which, in 
turn, provided estimates Kb = Km and N = ßm for the drained skeletal frame (last 
two columns of Table 1). Clearly, the estimated values of N are consistent with the 
values reported in Section 2.8. This is expected because assuming that the saturating 
fluid is inviscid means that the network of fibrin fibers provides the only contribution 
to the shear rigidity of a clot. 

The inversion procedure assumes that the material parameters are real valued 
to simplify the analysis. This yields real-valued estimates for Ke, Kb, and N. The 
measured values reported in Section 2.8 for the shear rigidity of a saturated clot 
contain a small imaginary component due to intrinsic absorption. Absorption arises 
from viscous flow within the pore space and intrinsic absorption with the fibrin. The 
absorption from viscous flow is included explicitly within Biot's theory through a 
dissipation function that depends on the viscosity and hydrostatic permeability of the 
fluid. The intrinsic absorption in the fibrin is included by augmenting the estimate 
of N by an imaginary component based on the discussion given in Section 2.8. 
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3. RESULTS 

Detailed discussion of the material parameters and mathematical formalism for 
Biot's theory has been given by Kargl and Lim [23] and Kargl et al. [22] and will 
not be repeated here. They reduce the governing equations for wave propagation to 
dispersion relations for compressional and shear waves. As mentioned previously, one 
consequence of Biot's theory is the possibility of two distinct compressional modes 
of propagation (i.e., a fast wave and a slow wave). Using the values of Ke, Kb, the 
real part of N tabulated in Table 1, and the average parameters listed in Table 2, 
we computed the phase velocities and the absorption coefficients for the various clot 
types. In these computations, the ratio of the imaginary part of N to its real part 
was consistent with the measured values reviewed in Section 2.8. 

Table 2. Parameters used to compute the phase velocities and absorption coeffi- 
cients for the various clot types. The values in rows 4-10 were obtained from the 
inversion procedure described in Section 2.9 

Whole blood 
0.90 

Plasma Coarse fibrin Fine fibrin Unit 

ß 0.97 0.99 0.99 

K„ 1.0 0.1 0.5 0.006 xl0~12 m2 

a 1.1 1.03 1.01 1.01 

Pf 1027 1027 1027 1027 kg/m3 

Kf 2400 2400 2400 2400 MPa 

V 1.04 1.04 1.04 1.04 mPl 

Pe 1300 1300 1300 1300 kg/m3 

Ke 23980 23880 23950 23950 MPa 

Kh 350.8 947.7 1189 475.4 Pa 
N 228.6 - z7.6 621.9-il55.5 781.3 -z78.1 312.5 -z62.5 Pa 

Figure 1 shows the phase velocities of the three acoustic waves predicted to occur 
within a whole-blood clot by Biot's theory as a function of frequency. Those phase 
velocities have been normalized by the sound speed in the saturating liquid, c/ = 
1530 m/s, and vary weakly with frequency. The phase velocity of the fast wave 
depends almost entirely on the acoustic properties of the saturating fluid (i.e., the 
fluid's bulk modulus and density), because its value is close to that calculated for 
acoustic wave propagation in 100% fluid. The phase velocity of the fast wave is 
1582.2 ±0.25 m/s over the frequency range depicted in Figure 1. The phase velocities 
of the slow and shear waves are significantly smaller than that of the fast wave, 
suggesting that sound incident on a blood clot of finite extent would couple weakly into 
the slow and shear waves and almost exclusively into the fast wave. This computation 
was performed using the set of material parameters for whole blood listed in the first 
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column of Table 2. If we use the Ke, Kb, and iV values listed in the fifth row of 
Table 1, for which Ke is significantly different, the results are essentially the same. 
Thus, within the Biot paradigm, we conclude that the acoustic properties of fluid- 
saturated blood clots appear relatively insensitive to the bulk modulus of an isolated 
fibrin fiber. 

1e+00 

1e-01 

1e-02 

1e-03 

1e-04 

 1  
Fast wave 
Slow wave 

Shear wave 

5 6 
f (MHz) 

10 

Figure 1. Normalized phase velocities, Cj/cf, for wave propagation in a whole- 
blood clot. Note that the phase velocities are weakly dispersive. The fast wave 
propagates at nearly the speed of sound in pure serum, and the slow and shear 
waves propagate at much slower speeds. The phase velocities have been normalized 
by the speed of sound in serum, c/ = 1530 m/s. 

Figure 2 shows the absorption coefficient for the three waves as a function of 
frequency. The absorption coefficient is simply the imaginary part of the wavenumber. 
The primary energy dissipation mechanisms are thermoviscous attenuation due to 
relative motion of the underlying constituents and intrinsic losses characterized by 
complex moduli. The extremely large values for the slow and shear waves demonstrate 
that these waves are essentially diffusive in character, and hence do not propagate to 
any extent before completely attenuating. 
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Figure 2. Absorption coefficients for a whole-blood clot. The absorption coefficient 
is simply the imaginary component of the wave number, kj. The large values for 
the slow and shear waves suggest that these waves are diffusive in character. 

The results for the other clot types are similar to those shown in Figures 1 and 2. 
Because the speed of the fast wave depends almost entirely on the properties of the 
fluid, as discussed previously, by showing the value for whole blood we effectively do 
so for all of the blood-clot types. The slow and shear-wave sound speeds computed 
for the other clot types exhibit more dispersion than observed in the computations for 
the whole-blood clot but are generally of the same magnitude. Moreover, the diffusive 
character found in the whole-blood clot for the slow and shear waves is also found in 
these clots. Thus it is clear that little energy will be coupled into the slow and shear 
waves, and any sound speed measured in a clot will be that of the fast wave. 
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4. CONCLUSIONS 

We have applied Biot's theory to the problem of acoustic wave propagation in 
fluid-saturated clots. This theory requires at least ten material parameters, and we 
have surveyed the literature for representative values. Section 2 contains a summary 
of these parameters, which were culled from a variety of sources, none of which had 
the Biot paradigm in mind. Indeed, in Section 2.9 we have to resort to an inversion 
procedure to estimate the bulk modulus of an isolated fibrin fiber and the bulk mod- 
ulus of the drained skeletal frame. Moreover, some of the reported parameter values 
have shortcomings, as discussed in Section 2. Particularly needed are refinements of 
the measures of the bulk moduli and density of fibrin. Therefore, our results should be 
considered as a first attempt to represent via Biot's theory the acoustic propagation 
within blood clots. 

Figures 1 and 2 suggest that neither a slow wave nor a shear wave may be directly 
observable in a blood clot. One might then conclude that Biot's theory is an inap- 
propriate model for the wave propagation. However, even though the slow and shear 
waves may be unobservable, a salient feature of the readily observable fast wave is the 
relative motion of the saturating fluid with respect to the network of fibrin fibers. A 
preliminary computation [56] of the relative displacement of the fluid constituent per 
acoustic cycle yields a peak displacement on the order of 1-10 nm, which rivals the 
distances between binding sites within fibrin meshes [57]. Hence the application of ul- 
trasound during enzyme-mediated thrombolysis may accelerate thrombolysis through 
advective and diffusive transport of a clot-lysing agent, rather than by diffusion alone. 

In this report, we have focused on the material parameters for fluid-saturated 
blood clots and their phase velocities and absorption coefficients in a bulk medium. 
In practice, bloods clots are of finite extent, and thus boundaries become important. 
In addition to the importance of the relative displacement of fluid, we are currently 
studying the stresses associated with the displacements and reflection and transmis- 
sion coefficients at planar boundaries. The details of that study, which makes use 
of the information gathered here, will be reported elsewhere. However, at standard 
medical ultrasound frequencies, we find that sound incident on a blood clot will cou- 
ple primarily into the fast wave, with much weaker coupling into the slow wave and 
insignificant coupling into the shear wave [56]. Again, we have not shown that Biot's 
theory is irrelevant for the interaction of blood clots and sound because the fast wave 
has properties significantly different from those of compressional waves within pure 
liquids or pure elastic solids. In particular, there is relative motion of the saturat- 
ing fluid and fibrin frame. Also, the slow wave can be excited at interfaces, which 
suggests that the slow wave may enhance transport of a clot-lysing agent across inter- 
faces. These properties may be important for understanding possible biological effects 
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of sound propagation within blood clots, including answering how ultrasound-assisted 
thrombolysis occurs without the action of bubbles or heat, as briefly described in the 
introduction. 

Understanding the bio-effects implicit in an application of Biot's theory to sound 
propagation in blood clots and to ultrasound-assisted thrombolysis will take careful 
and perhaps subtle analysis and experiments. In particular, experiments address- 
ing how Biot's theory can help explain ultrasound-assisted thrombolysis should be 
made from whole blood or from fibrin gels that incorporate erythrocytes, and careful 
measurements of all relevant material properties are required. 
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