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Acoustic hemostasis is a new field of ultrasound researchiohwhigh intensity focused ultra-
sound (HIFU) is used to induce hemostasis. Although it wagegrmentally shown that focused
ultrasound can be used to seal the bleeding site while Igahia vessel patent and to occlude
the blood vessel, physical mechanisms of acoustic hemestasnot fully understood. Quanti-
tative models are required to understand the interactibndsn different physical mechanisms
involved in acoustic hemostasis. In the current work a nratteal model for the study of
acoustic hemostasis is presented. This model comprisemtiimear Westervelt equation and
the bioheat equations in tissue and blood vessels. Theneamlhemodynamic equations are
also coupled with the acoustic and thermal equations wighctinvected cooling and acoustic
streaming effects being taken into account.
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1. Introduction

Bleeding is one of the leading causes of deaths after tracnimgaries [1]. About 40-50%
of traumatic civilian and battlefield deaths were causeddmdrrhage in recent years [2]. At the
present time there are several methods for the hemorrhageokdncluding ligation, clamping
and repair of the vessel [3, 4]. Acoustic hemostasis is a neda @if ultrasound research in which
high intensity focused ultrasound (HIFU) is used to induembstasis [5, 6]. Focused ultrasound
has been successfully applied for the treatment of tumad#farent areas of the bodies, including
the breast, prostate, uterine fibroids and liver [7, 8]. ®giemising applications of HIFU include
blood vessel occlusion [9, 10, 11], hemostasis of bleedasgels and organs [5, 6, 12].

Although numerous experimental studies have been perthrthe optimal strategy for the
acoustic hemostasis is not very clear. The ultrasound émcyy intensity, duration of the treatment,
location of focal point differ a lot in different experimetitstudies. The focus can be fixed at one
location (for example, at the center of the wound), it can loeed continuously along the wound
or multiple sonications at several points. Many studiesHasen performed for punctured blood
vessel [1, 6, 13]. Even for the same ultrasound parametertseatment time can differ by an order
of magnitude for similar punctures [13]. The difference tanattributed to the difference in the
wound shape and guidance of HIFU. Ultrasound beam shouldgogsply located on the wound. If
the location of the focal point was not controlled very wedlry big increase in treatment time was
found. In order to improve the treatment, fundamental ustdeding of processes during acoustic
hemostasis is necessary. In the present paper, the mait@&nmabdel for acoustic hemostasis is
presented. Importance of thermal effect and acousticratrepeffect has been investigated.

2. Mathematical model

2.1 Nonlinear acoustic equation

Acoustic field generated by a HIFU source was modeled usimganlinear Westervelt equa-
tion [14, 15, 16, 17]:
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In the above,p is the sound pressurd§ = 1+ % the coefficient of nonlinearity, and the
diffusivity of sound resulting from fluid viscosity and heainduction,t, the relaxation time and
¢, the small signal sound speed increment for thth relaxation process. The first two terms
describe the linear lossless wave propagating at a sngallssound speed. The third term denotes
the loss resulting from thermal conduction and fluid visgosand the fourth term accounts for
the relaxation processes. The last term accounts for acaustlinearity which may considerably
affect thermal and mechanical changes within the tissuaati@n (2.1) can be further transformed
to the coupled system of two partial differential equatigiven below [14]
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In the present paper two relaxation processes- ) were considered. Unknown relaxation
parameters were calculated by minimizing a mean square leetoveen the linear attenuation law
and the relaxation model [14].

For the linear Westervelt equation the intensity is equdl te p?/2pco. For the nonlinear
case the total intensity is

| = niln, (2.3)

wherel,, are the corresponding intensities for the respective haicaa fy. The ultrasound power
deposition per unit volume is calculated by

q= niZor(nfo)In (2.4)

The absorption in tissue shown above obeys the followinguieacy law:

o= ao (%)" (2.5)

whereap = 8.1 Np/m,n = 1.0 andfp = 1 MHz [18].

2.2 Energy equation for tissue heating

Whereas hepatic arteries and portal veins irrigate the fr@enchyma, hepatic veins drain
blood out of the liver and can therefore be considered as tasirda Tumor cells in perivascular
region, as a result, may escape from an externally imposgd feeat, leading possibly to a local
recurrence. Therefore, the mathematical model apprepioapredicting the temperature in tissues
must take the heat conduction, tissue perfusion, convebtivod cooling, and heat deposition due
to incident wave into account. In the simulation of thermelifithe physical domain has been split
into the domains for the perfused tissue and the flowing blood

In a region free of large blood vessels, the diffusion-tygaries bioheat equation [19] given
below will be employed to model the transfer of heat in thduyssd tissue region

oT
prooe = k0T =Wy (T = To) +4 (2.6)

In the above bioheat equation proposed for modeling the-tianging temperature in the tissue
domain,p, ¢, k denote the density, specific heat, and thermal condugtrggpectively. The sub-
scriptst andb refer to the tissue and blood domains. The notaligis denoted as the temperature
at a remote location. The variable, (= 0.5 kg/n?-s) in Eq. (2.6) is the perfusion rate for the
tissue cooling in capillary flows. It is noted that the aboi@hkat equation fol is coupled with
the Westervelt equation (2.1) for the acoustic pressurutiir a power deposition terondefined

in Eq. (2.4).

In the region containing large vessels, within which theobdlflow can convect heat, the bio-
logically relevant heat source, whichds and the heat sink, which isp,cyu- 0T, are added to
the conventional diffusion-type heat equation. Applicatdf the resulting energy equation given
below avoids a possible high recurrence stemming from tm@twell survival next to large vessels

oT
PoCo = koO*T — ppcpu-OT +q (2.7)
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In the aboveuy is the blood flow velocity. Owing to the presence of blood flaloeity vectoru in
the energy equation, we know that a biologically sound magelicable to conduct HIFU simu-
lation should comprise a coupled system of acoustic-thielhy@drodynamic nonlinear differential
equations.

Thermal dose developed by Sapareto and Dewey [20] will béeapfo give us a quantitative
relationship between the temperature and time for thedibgating and the extent of cell killing.
In focused ultrasound surgery (generally aboveG)) the expression for the thermal dose (TD)

can be written as:
tfinal tinal

TD= RT-4dt ~ % RT-4Iat (2.8)

to
whereR=2for T >=43C, R=4 for 37C < T < 43C. The value of TD required for a total
necrosis ranges from 25 to 240 min in biological tissues PA0,22]. According to this relation,
thermal dose resulting from heating the tissue taC#dr 240 min is equivalent to that achieved by
heating the same tissue to°&6for one second.

2.3 Acoustic streaming hydrodynamic equations

Owing to the inclusion of heat sink, which is shown on the tigand side of Eq. (2.7), the
velocity of blood flow plus the velocity resulting from theaarstic streaming due to the applied
high-intensity ultrasound must be determined. In thisytud consider that the flow in large blood
vessels is incompressible and laminar. The vector equédiomodeling the blood flow motion,
subject to the divergence free equationu = 0, in the presence of acoustic stresses is as follows

[23, 24]
ou

at
In the aboveP is the static pressurg (= 0.0035 kg/m s) the shear viscosity of blood flow, and
p the blood density. In Eq. (2.9), the force veckbacting on the blood fluid due to ultrasound is
assumed to act along the acoustic axig he resulting nonzero componenthniakes the following
form [25]

+ou=Erzu-tops ie (2.9)
p p p

Fon—-toi=9 (2.10)
Co

Co
3. Description of the problem

The single element HIFU transducer used in this study isriily focused with an aperture
of 12 cm and a focal length of 12 cm. The parameters used inuhiert simulation are listed in
Table 1.[18]

Table 1: Acoustic and thermal properties for the tissue and blood.
Tissue | co (D) | p (D) | c() | kK(3) | a (D)
tissue | 1540 1055 3600 0512 | 8.1xf
Blood | 1540 1060 3770 0.53 15xf

In this study, the ultrasound of 1.0 MHz insonation is incitfom a location that is exterior
of the liver tumor. The initial temperature is equal t6¢37 The vessel diameter is 3 mm. Initial
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Fig. 1: Geometry of the problem, a small wound with the diameter 2 mm in the blood vesset(= 3
mm).

temperature is equal to 3Z. The fully developed velocity profile is applied at the inté blood
vessel, while zero gradient velocity boundary conditiontlos outlet plane. The pressure at the
wound is equal to the tissue pressure. At vessel inlet, theddlow cross-sectional average veloc-
ities are set at 0.016 m/s and 0.13 m/s, that correspond teetbeities in veins and liver arteries
with diameter 3 mm [26]. Two wound shapes, namely, the snrallilar wound with a diameter 2
mm and a big wound of 6 mm in length and 2 mm in diameter will begtigated (Fig. 1).

In this study, the transducer with the frequerfgy= 1.0 MHz is considered. Focal intensity
is 2240 W/cm, positive and negative pressures Rre= 14 MPa andP_ = 6.4 MPa @i, = 8.5
MPa), respectively, and sonication time is 0.7 second.

A detailed description of the solution procedures can b&doim our previous articles [14,
27]. The three-dimensional computational model employethis study for the prediction of
acoustic streaming field was validated by comparing thdtesith those of Kamakura et al. [23].
The present mathematical model was also validated by cdongpaur simulated results for the
temperature field [24], with and without flow, with the expeental results of Huang et al. [29].

4. Results and discussion

4.1 Thermal effects

Numerous experimental studies [6, 13, 30] on acoustic hesigsdisclose the evidence that
the thermal effect of focused ultrasound is responsibleh@anostasis. The absorbed ultrasound
energy in tissue is transformed into the thermal energyndufdbcused therapy and this energy
deposition can quickly elevate the tissue temperature.péeature is increased in excess of0
in about one second [6]. This temperature increase maylsealéeding site. The temperature of
70°C can be therefore assumed as threshold temperature fazdahst& hemostasis [6].

We first study the temperature distribution in the tissueiaride blood domain during acoustic
hemostasis. Focal axis is perpendicular to the blood vessal point is located on the blood vessel
wall. The predicted temperature contours at0.7 s at two cutting planes= 0.02 andy = 0 are
depicted in Fig. 2. The temperature inside the blood vessehins almost unchanged except in
the boundary layer closer to blood vessel wall.
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Fig. 2: The predicted temperature contours at0.7 s at two cutting planes= 0.02 andy = 0. Focal point
(o) is located on the blood vessel wéll.02;0;—0.0015).

The temperature around %0 on the blood vessel wall can be reached at0.7 s. This
predicted high temperature shows the theoretical poggitilstop the bleeding. For smaller blood
vessels the effects of blood flow cooling and acoustic stiegvill be smaller.

In the current subsection we assumed that there is no blanéthgoout of the wound. In this
case the temperature around®@0can be achieved quite rapidly < 1 s) and the wound can be
sealed in a short time. However, in the real case jet of bl@ydes away the heat at the bleeding
site. As we discussed before, blood also has a lower absorifitan a tissue. Therefore if blood is
still flowing out of the wound it is quite difficult to seal theownd.

Focused ultrasound can induce an additional mass flow inigoél This effect is called
acoustic streaming. In the experiments [13] when the thetoua site was exposed to the air, a jet
of blood appeared out of the artery after the puncture. Afjptand was immediately stopped after
applying focused ultrasound energy to the bleeding siteth8@xperiments showed that focused
ultrasound can decrease the mass flux out of the wound or évprbleeding. We are going to
investigate the effect of acoustic streaming numericallthi following section.

4.2 Importance of acoustic streaming

In the previous studies [14, 27, 28] it was shown that focudggdsound can induce acoustic
streaming velocities up to 1 m/s in the blood vessel and dactahe ultrasound heating. When
blood vessel was perpendicular to the acoustic axis, acostseaming velocity magnitude was
smaller comparing with the parallel blood vessel orientati



Acoustic hemostasis Maxim A. Solovchuk

(a) (b)

Fig. 3: Velocity distribution in vein (a) and artery (b) when acadastreaming effect is taken into account.

When the focus of HIFU transducer is directed towards a ligesite, local absorption of
acoustic energy produces additional momentum to the fluidrasults in streaming of the blood
away from the focus of transducer. Usually in the acoustindstasis experiments blood vessel
was located perpendicular to the acoustic axis. Howevey litot very clear what blood vessel
orientation is optimal. For the case of big wound differasttdl point locations and scanning path
method can be chosen in different ways. So we are going tatigete the effect of blood vessel
orientation (sonication angle).

Let's consider a hole (wound) on the blood vessel wall. Tlanditer of the hole is 2 mm,
the diameter of the blood vessel is 3 mm, and the maximum Wigls@re 3.2 cm/s (vein) and 26
cm/s (artery). Acoustic streaming velocity magnitude iscB@s, (without acoustic streaming the
maximum velocity is 3 cm/s). Acoustic streaming velocitygnéude is one order of magnitude
larger than blood flow velocity.

In Figs. 3,4, velocity profiles in vein and artery are presdnwith and without focused ultra-
sound. In Tables 2,3, mass fluxes at the inlet and two outheitef and wound) are presented in
the vein and in the artery. Mass flux at inlet is equal to 100%thdut AS, 78% of the total mass
flux comes out of the wound. If we switched on the transduegliation force will cause acoustic
streaming flow to occur. Simulations show that acousti@stiag velocity profile becomes steady
within a very short time of 0.12 s.

With acoustic streaming effect being taken into accoumt leeding in the vein can be com-
pletely stopped. But there is still a small bleeding out @f éintery. In the artery the blood flow out
of the wound can be reduced from 45 % to 29 %. In order to stopltiea flow out of the wound,
a higher power deposition should be considered.

In Fig. 5, the evolution of mass flux out of the wound is presdrfor different sonication
angles in the artery. Focal point is located in the centehefvtound. The best sonication angles
are from 0 to 9. At the angles 0 and 45t’s possible to completely stop the flow within 0.1 s. In
the experiments, $0sonication is mostly used. However, from simulation poirview it's better
to use 48. This angle allows stopping bleeding even in a large wound.

Sonication angles between 45 and 90 degrees should be emtsith order to reduce blood
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Fig. 4: Velocity distribution in vein (a) and artery (b) without agtic streaming effect.
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Fig. 5: Evolution of mass flow in the small wound for different sortioa angles in the artery.

flow out of the wound. In some cases blood out of the wound castdmped.

Table 2: Acoustic streaming effect on the mass flux in the small wourttié vein (1 = 1.6 cm/s).
Mass flux  Outlet Wound Inlet
Without AS 22 % 78% 100 %
With AS 100 % 0 100 %

Table 3: Acoustic streaming effect on the mass flux in the small wourttié artery ¢ = 13 cm/s).

Mass flux Outlet Wound Inlet
Without AS 55% 45% 100 %
With AS 71% 29% 100 %
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5. Conclusion

The mathematical model for the investigation of acoustinb&tasis is proposed in the current
paper. The model is based on the nonlinear Westervelt equaiih the relaxation effect being
taken into account and the bioheat equations in the blooseVesd tissue domains. The nonlin-
ear hemodynamic equation is also considered with the dcatstaming effect being taken into
account.

Both thermal and acoustic streaming effects have beentigagsd in the current paper. Impor-
tance of acoustic streaming was studied for different blaes$el orientations. Acoustic streaming
velocity magnitude is 32 cm/s and is several times largar tledocity in blood vessel. If focused
ultrasound beam is applied directly on the bleeding site flibw out of a wound is considerably
reduced due to acoustic streaming. Bleeding can be evenletiypstopped depending on the
blood vessel orientation and focal point location. As a lteshhe wound can be rapidly sealed.
Simulations show that the temperature around@@an be achieved within a second on the blood
vessel wall, if there is no flow out of the wound. The tempeminside blood vessel remains
almost unchanged. This confirms the theoretical possitiditseal the bleeding site by means of
focused ultrasound. The blood vessel remains patent hitdreatment.

The presented mathematical model can be used in the trefgthaaning for acoustic hemosta-
sis and blood vessel occlusion.
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