THROMBOLYSIS DEVICE AND METHOD OF OPERATING A THROMBOL YSIS
-DEVICE -

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application olaims benefit of Singapore Patent Application number
10201400821W filed 20 March 2014 “which is mcorporated in its entu:ety herein by

reference.

TECHNICAL FIELD

i0002] The present invention relates to thrombolysis devices and methods of operating

thrombolysis devices.
BACKGROUND

[0003] The incidence of stroke is rising worldwide due to the increasing burden of chronic
diseases such as hypertension and diabetes. For intracerebral hem_orrhagic strokes, the clot in
the brain- can cause further peri-haematoma edema leading to a functional/neurological
deterioration in patients. This neurological deterioration will lead to increased length of stay
as well as a poorer outcome’ with increased disability. The resultant effect of this is an
increased economic -cost as length of stay has beon'found to be one of the largest costs in
stroke management., - |

. [0004j Medical treatment with blood pressure control only is the most conservative method
without requiriﬁg any surgical operation, but patients'on medical treatment alono will be at
nsk of neurological detenoratlon dué to the pressure from the clot as well as mcreasmg peri-
haematoma edema as no attempt has been made on clot.size reductlon In companson, the
most stralghtforward method is to remove clot by open surgery, however, clinical trials have
shown no significant benefits with the surgical removal of small (<30mls) and medium (30-
60mls) sized intracerebral hemorrhages. It has been theorized that this is due to the invasive
nature of the surgery causing further neurologlcal damage to normal brain tissue.
[0005] Mmlmally invasive surgical treatment with stereotactlc aspiration or endoscopic
aspiration with the possible addition of thrombolytlc treatment and open surgical clot

evacuation is another adoptéd method. In spite of the reduced brain damage risk, the variable



clot removal rate at the time of surgery is a prdblem. At the same time, if these types of
" surgery are performed t00 early then there is a risk of causing a new bleeding event by rapid '
dissolution of the intracerebral clot, which is increased by the addition of thrombolytic agents
 as well as the addition of suction, These types of surgery are also fesourcc intensive as they,
require the setup of endoscopic equipment'in the operatmg theatre.
[0006] Ult.rasound assisted sonothrombolysis has been valldated in clot dlssolutlon One
“method is to use a.low frequency transcranial focus ultrasound transduc;:r for mechanical
thrombolysis. Despite the efficacy-and non-invasive characteristics, the expensive and bulky
facility is a big concern.. A minimally invasive method combining the ultrasound activation
and recombinant tissue plasminogen activator (1t-PA) may be applied. In tlg,is"case, an
ultrasound catheter may be inserted into ‘the brain for localized delivery of high frequéncy '
(2MHz) uvitrasound wave. It may facilitate the diffusion-of rt-PA and increase its binding sites
to. fibrin s<-)' as, to improve the clot lysié speed. Hdwe\"er,' the lack of control on the drug‘
| diffusion might induce bio-effect such as edema and rebleeding. ‘
[0007] Therefore, there is a need for a new type of device for performing minimally invasiva

thrombolysis procedures without the need for thrombolysis drugs.
' SUMMARY

[0008] According to various embodiments, there may be provided a thrombolysis device,
including a' catheter, a treatment transducer, a measurement transducer, a determination
circuit and a control circuit. The catheter may be configured to be inserted into a blood clot.
The treatment transducer and the measurement transducer may be coupled to the catheter. .
The treatment transducer may be configured to transmit acoustic waves. The mcasurcment
transducer may be configured to transmit further acoustic waves and may be funher
configured to recelve acoustic echoes, which are reﬂectlons of the further acoustic waves
from a boundary of the blood clét, The measurement transducer may be further configurcd to..
provide a measurement output. The determination circuit may be configured to determine at
least one of a viscosity of blood in a vicinity of the measurement transducer or a volume of
the blood clot, based on the measurement output. The control circuit may be configured to
‘ genefate control signals for controlling the treatment transducer, based on at least one from’
the group consisting of the viscosity of blood in the vicinity of the me,asuremént transducer,

the volume of the blood clé; and a temperature measurement of the blood clot. ’



[0009] According to various embodiments, there may be provided a method of oi)erating a
thrombolysis device, the method including inserting a catheter into'a blood ciot; transmitting
acoustic waves using a treatmeﬁt transducer; transmitting further acoustic waves and
réceiving acoustié echoes using a measurement transducer; providing a measurement output
" using the measurement transducer; determiﬁing at least one of a viscosity of blood in a
~ \"iciriity. of the measurement transducer or a volume of the blood clot, based on the
" measurement oufpuf, using a determination circuit; and generating control signals for
controlling the treatment transducer. The treatment transducer and the measurement -
transducer may be coupled to the catheter. The acoustic echoes may be reflections of the
further acoustic waves from a boundary of the blood clot. The control signals may be
generated based on at least one from.the group consisting of the viscosity of blood in the
vicinity of the measurement transducer, the volume of the blood clot and a temperatute

measurement of the blood clot.

'BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Inthe drawfngs, like reference cﬁaracters generally refer to the same parts throughout

the different views. The drawings are not necessarily to scale, emphasis instead generally

being placed upon illustrating the principles of the invention. In the following description,

various embodiments are described Wiﬂl reference to the following drawings, in which:
[0011) FIG. 1 shows a conceptual diagram of a thrombolysis device in accordance to various

‘ embodiments,

[0012] FIG. 2 shows a conceptual diagram of a thrombolysis device in accordance to various
embodiments. - .

[0013] FIG. 3 shows a flow diagram of a method of operatmg a thrombolysw dev1ce, in
accordance to various embochments ) '

[0014] FIG. 4 shows a schematic diagram of a thromb01y51s device in operation, 1n
accordance to various embodiments. '

- [0015] FIG. 5 shows an operation work ﬁow of a thrombolysis deviqe, in accordance to

various embodimenfs. . | o

[0016] FIG. 6 shows a cross-sectional view of a transducer element of a thrombolysis device, .

in accordance to various embodiments.. o |

[0017] EIG. 7 shows a cross-sectional view of a transducer element of a thrombolysis device, -

in accordance to various embodiments.



[0018] FIGS. 8A .to 8C show a transducer element of a thrombolysis device, in various stages
of operation, according to various embodiments.
[0019] FIG. 9 shows a flow diagram for an acoustic pulse emitted by a thrombolysis device
in accordance to \;arious embddiments. ‘ ,
[0020] FIG. 10 shows a cross-sectional view of a blood t:lbt with a catheter of a thrombolysis
dev1ce mserted mto the blood clot, m accordance to various embodiments.
[0021] FIG. 11 ShOWS a ﬁmte eIement analysis model of a transducer element, in accordance
to various embodiments. '
[0022] FIG 12 shows a sxmulated acous'uc field dlstnbuuon of the transducer element of
FIG. 11.
[0023] FIG. 13 shows a graph of pressure against distance, for the simulated acoustic field
distribution of FIG. 12. '
[0024] FIG. 14 shows a simulated tcnipcratu;e field distribt;tfon within a blood clot when the -
transducer elcment of FIG. 11 is operated. | .
[0025] FIG. 15 shows a graph of temperature agamst distance, for the simulated temperature
field distribution of FIG. 14. .

.[0026] FIG. 16 shows a schematic diagram of an experiment set-up for validating
performance of a thrombolysis device, tn accordance to various embodiments.
[0027] FIG. 17 shows a graph of output voltage against time, obtained from an experiment
using the test set-up of FIG 16. , o
[0028] FIG. 18 shows a graph of output voltage against time, as obtained from an experiment
using the test set-up of FIG. 16. .
[0029] FIG. 19 shows a graph of output voltagc against time, as obtained from an experiment
using the test set-up of FIG. 16.
'[0030] FIG. 20 shows a graph of output voltage agamst tlme, as obtamed from an expcnment.
using the test set-up of FIG. 16 .
[0031] FIG. 21 shows a graph of normallzed amplltude of output voltage against frequency, :

as obtained from an experiment using the test set-up of FIG. 16.

DESCRIPTION
- [0032] Embodiments described below in context of the devices are analogoust_ valid for the )

respective methods, and vie versa. Furthermore, it will be understood that the embodiments



described belo;v may be combined, for example, a part of one embodiment may be combined
with a part of another embodiment, .

| [0033] In this context, the thrombolysm devxce as described in this descrlpuon may include a
memory which is for example used in the processing carried out in the thrombolysis device.
A memory used in the embodiments _may be avolatile memory, for example a DRAM
(Dynamic Random Access Memory) or a non-volatlle memory, for example 'a PROM -
(Programmable Read Only Memory), an EPROM (Erasable PROM), EEPROM (Electncally
Erasable PROM), or a flash memory, e.g., a floating gate memory, a charge trapping
. memory, an 'MRAM (Magnetoresistive Random Access Memory) or a PCRAM (Phase
Change Random Access Memory).

[0034] In an embodiment, a "circuit" may be understood as any kind of a logic implementing
entity, which may be special purpose circuitry ora procéssor executing software stored in a
.memory, firmware, or any combination thereof. Tims, in an embodiment, a “circuit” may bea .
hard-wired logic circuit or a programmable logic circuit such as a programmable proéessor,
e.g. a microprocessor (e.g. a Complex Instruction Set Computer (CISC) processor or a
Reduced Instruction Set Computer (RISC) processor). A “"circuit” may also be a processé)r
executing 'softwaré, e.g. any kind of computer program, e.g. a computer program using a
virtual machine code such as e.g. Java. Any other kind of implementation of the respective
functions which will be described in more detail below may also be understood as a “circuit"

in accordance with an alternative embodiment.

[0035] In this context,.the expression “acoustic waves” may refer to a type of longitudinal .

waves that propagate by means of adiabatic compression and decompression. Longitudinal
waves are waves that have the same direction of vibration as their direction of travel.
Acoustic waves travel with the speed of sound which depends on the medium they are -
passing through. ' » '
[0036] The mcldence of stroke is rising worldw1de due to the increasing burden of chronic
dlseases such as hypertension and diabetes. For intracerebral hemorrhagxc strokes, the clot in. '
the brain can cause further peri-haematoma edema leading to a functional/neurological
" deterioration in patients. This I;eurological deterioration will lead to increased length of stay
as well as a _poorer outcbme with increased disability. The resultant effect of this_ is an
‘increased economic cost as length of 'stéy has been found to be one of the largest costs in
stroke management. ' ’ b '
. [0037] Medical treatment with blood pressure control only is the most conservative method

without requu‘mg any surgical operauon, but patients on medical treatment alone will be at



risk of neurological deterioration due to the pressure from the clot as well as increésing peri-
haematoma edema as no attempt has been made on clot size reduction. In comparison, the
most straightforward method is to remove ..c.fot by open surgery, however, clinical tl_'ial.s have
shown no signifiéant benefits with the surgical removal of small (<30mls) and medium‘(_30-
60mls) sized intracerei)ral' hemorrhages. It has been theorized that this is due to the invasive
naturc of the surgery causmg ‘further neurologlcal damagc to normal biain tissue, . o )
[0038] Mlnlmally invasive surglcal treatment with stereotactlc asplratmn or endoscoplc ‘
aspiration with the possible addition of thrombolytic treatment and open surgical clot
evacuation is anofher adopted method. In spité of the reduced brain damage risk, the variable
clot removal rates at the time of surgery are a pfoblem. At the same time, if these types of

‘surgery are performed too early then there is a risk of causing a new bleeding event by rapid
dissolution of the intracerebral clot, whic}i is increased by the addition of thrombolytic agents
as well as the addition of suction. These types of s;urgery are also résource intensive as they |
‘re(iuire the setup of endoscopic equipment in the operating theatre, . |
[0039] Ultrasound assisted sonothrombolysis has been validated in clot dissolution. One
method is to use a low frequency transcranial focus ultrasound transducer for mechanical
thrombolysis. Despite the efficacy and non-invasive characteristics, the e){pensive and bu]ky
facility is a big concern. A minimally invasive methqd' combining the ultrasound activation
‘and recombinént tissue plasminogen activator (1t-PA) may be applied. In thié case, an
ultrasound catheter may be inserted into the brain for locaiized deiivery of high frequéncy
(2MHz) ultrasound wave. It may facilita‘te the diffusion of rt-PA and increase its binding sites
to fibrin so as to improve the clot lys1s speed However, the lack of control on the drug
"diffusion might induce bio-effect such as edema and rebleeding.

[0040] Therefore, there is a need for a new type of device for performing minimally invasive N
thrornbolysm procedures without the need for thrombolyms drugs ' '

. [0041] FIG 1 shows a conceptual diagram of a thrombolysm device 100, in accordancc to
various embodiments. The -thrombolysis device 100 includes a catheter 102, a treatment
transdﬁ'cer 104, a measurement transducer 106, a; control circuit 110 and a determination

* circuit 112, The catheter 102 may be configured to be inserted into a blood clot. The

treatment transducer 104 which may be coupled to 'thc catheter 102, may be configured to

transmit acoustic waves. The measufcment transducer 106 wﬁich may be coupled to the

. cathétcr 102, may be configured td 'iransmi.t further acoustic waves and further configured to
 receive acoustic echoes. The acoustic echoes may be reflections of the further acousﬁic waves,

from a‘boundary of the blood clot. The measurement transducer 106 may be further



configured to prcvide a mcasuremeﬁt output. The determination circuit 112 mcy be
configured to determine at least one of a viscosity of blobd in a vicinity of the,meesurement
transducer 106 or a volume of the blood clof, based on the measurement output frcm'the
measurement transducer 106. The control circuit 110 may be configured to generate control
signels for controlling the treétment transducer 104 based on at least one of the viscoSity of
blood. i in the vicinity of the measurement transducer 106, the volume of the blood clot and a R
temperature measurement of the blood clot ‘
[0042] In other words, the thrombolysis device 100 includes a catheter 102, a treatment
transducer 104, a measurement transducer 106, a determination circuit 112 and a control
circuit 1';0. The catheter 102 may be configured for insertion into a blood clot, such as in a
centre of the blood clot. The catheter 102 may be fabricated from a biocompatible and
flexible material. The treatment transducer 104 and the measurement transducer 106 may be
coupled to the catheter 102, for example, arranged on an end of the catheter 102 or ona
sidewall of the catheter 102. The treatment transducc'rr 104 and the measurement transducer
106 may be positioned within a tip of the catheter 102, wherein the tip is configured for
insertion intc the blood clot, so that the treatment transducer 104 and the measurement
transducer 106 may come into contact with the blood clot when the catheter 102 is inserted
into the blood clot. | |

[0043] The treatment transducer 104 may be configured to transmit acoustlc waves. The
acoustic waves may have a first frequency. The first frequency may be suitable for
* mechanically breaking down, or in other words, liquefying the blood clot. The acoustic waves
transmitted - by the treatment transducer 104 may be continuous acoustic waves. The
‘measurement transducer 106 may be configured to tfansmit further acoustic waves and
further configured to feceive acoustic echoes. The acoustic echoes may be reflections of the
further acoustic waves froﬁ a boundary of the blood clot. The further acoustic waves may be
- a series of acoustic bulse's The fuﬁher'acoustic' waves and the acou'Stic echoes may have a
sccond frequency, the second frequency bcmg higher than the first frequency. The acoustic
waves transmltted by the treatment transducer 104 and the further acoustic waves transmltted
by the measurement transducer 106 may be ultrasound. waves. The first frequency may lie
within a range of 10 kHz to 100 kHz while the second ﬁequency may. lie within a range of 1
MHz to 10 MHz. The. treatment transducer 104 may be structurally - similar to the
measurement transducer 106, but configured to transmit a diffctent acoustic wave. "'The
treatment transducer 104 and the measurement transducer 106 may also differ in physwal .
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[0044] The measurement transducer 106 may be configured to provide a measurement output
to the determination circuit 112. The measurement ouipuf'may include at least one.of a
resonant frequency of the' measurement transducer 106'.and a travelling time of the acoustic
cchoéé. The measurement output may further include information on an attenuation of the
acoustic echoes, in’ other words, the difference in amplitude of the acoustic echoes as
: compé:ed to the amplitude of the further acoustip waves transmitted By the measurement
transducer 106. The determination circuit 112 may be configured to receive the measurement
output for determining at least one of a viscosity of blood.in a vicinity of the measurement '
tfansducer 106 or a volume of the blood clot. The determination circuit 112 may be further
configured to determine the temperature measurement of the blood clot based on the
measurement output, , ‘
[0045] The detcrm1nat10n circuit 112 may determine the volume of the blood clot by
computing a volume of a sphere having a radms, the radius being determined from the |
travelling time_of the acoustic echoes. The determmatlon circuit 112 may determine the
viscosity of the blood in the v1cm1ty of the measurement transducer- 106 based on the
resonant frequency of the measurement transducer 106. The determination circiit 112 may
be further configured to provide at least one of the viscosity of blood in the vicinity of the
measurement transducer 106 or the volume of the blood clot, to the control circuit 110. The
" determination circuit 112 may be further cénfigured to determine the tcmperature
measurement of the blood clot, based on an attenuation and delay of the further acoustic
waves transmitted by the measurement transducer 106. The amount of attenuation of the
further acoustic. waves may depend on the temperature of the medium through which the
further acoustic waves travel through. The delay in receiving the acoustic echoes may also
depend on the temperaturc. of the medium through which the further acoustic waves travel
through. Therefore, the determination circuit 112 may Qeterminc the tcmperatinre of the blood
~ clot, based on the Iﬁe.as,urement"output which may contain infonnétion on at least one of thé~" h
‘ amount of attenuation of the further acoustic waves of 'th’e';ielay in réceiving the acoustic
" echoes. ) | S
[0046] The controll circuit 110 may be configured to generate control signals for controlling
the treatment transducer 104, based on the information that it receives from the determination |
- circuit 112. The control circuit 110 may Be configured to generate the control signals based
_on at least one of the viscosity of blood in the vicinity of the measurement transducer, the
_volume of the blood clot and a temperature measurement of the blood clot. The temperature

measurement of the: blood clot may be provided by a temperature sensor mtegrated into the



catheter, The temperature measurement of the blood clot may also be provided b'y the -
determination circuit 112, which may determine the temperature measurement of .the blood

clot based on the measurement output from the xﬁeasure_ment transducer 106.

[0047] FIG. 2 shows a conceptual diagram of a thrombolysis device 200, in accordance to -
various embodiments. Similar to the- thrombolysis device 100, the thrombolysis device 200

- includes a catheter 202, a treatment transducer 204; a measurement transducer 206 a

| deterrmnatxon clrcult 112 and a control circuit 110, The catheter 202 may be inserted into a

blood clot. The treatment transducer 204 and the measurement transducer 206 may be

coupled to the catheter 202. The treatment transducer 204 may be configured to transmit

acoustic waves. The measprement't(aﬁsducer 206 may be configured to transmit further

acoustic waves and may be further conﬁgured to receive acoustic echoes‘vs;hich ‘are the -
reflections of the further acoustic waves from a boundary of the blood clot. The measurement

transducer 206 may "be further  configured to provide a measuremerit output. The
determmatlon circuit 112 may be configured to determme at least one of a viscosity of blood
ina v1c1n1ty of the measurement transducer 206 or a volume of the blood clot, ‘based on the
measurement output. The control circuit 110 may be conﬁgured to generate control signals
for controlling the treatment transducer 204, based- oh‘at least one of the viscosity of the
blood in the vicinity of the measurement transducer 206, the volume of the Blood clot and a
temperature measurement of the blood clot. .

[0048] In comparison to the thrombolysié device 100 of FIG. 1, the thrombolysis device 200
further includes a temperature sensor 108, a drainage tube 228, a first front-end circuit 222, at
least one treatment transducer element 224 A, a second front-end circuit 226 and at least one
measurement transducer element 224B. The temperature sensor 108 may be configured to
provide the temperature measurement of the blood clot. The temperature sensor 108 may be
coupled to the catheter 202 or positioned within the catheter 202. The tempe{rature' sensor 108
~ may be aﬁanged on.an énd of 'th‘e'catheter 202 or on a sidewall of the.cat_heter 202. The
‘ iemperature sensor 108 may be Iaosiiioned within a tip of the catheter 202, wherein the tip is
configured for insertion into ﬁe blood clot, so that the temperature sensor 108 may come into
~ contact w1th the blood clot when the catheter 202 is inserted into the blood clot.

[0049] The dramage tube 228 may be coupled to the catheter 202 and may be conflgured to
- drain blood out of the_blood clot. The treatment transducer 204.may include the first front- -

'end circuit 222 and the at least one treatment transdlicer element 224A. The measurement . '
transducer 206 may include the second front-end circuit 226 and the at least one measurement:

transducer element 224B. The first front-end circuit 222 and the second front-end circuit 226



may be configured to.control in other words, drive the treatment transducer elements 224A
and the measurement transducer elements 224B, respectively. The treatment transducer
elements 224A and the measurement transducer elements 224B may be mmlatunzed
rrucromachmed ultrasound transducers designed and fabncated based on MEMS technology.
The measurement transducer elements 224B may be similar to the treatment transducer
i .elemen.ts 224A in strueture, but may have differmg dimensions from the treatment transducef. )
elements 224A. The treatment transducer elements 224A and the measufement transduicer
elements 224B may be fabricated on a common semlconductor devxce, as an array having one
“or two dimensions. Each of the treatment transducer elements 224A and each of the
measurement transducer elements 224B may include a suspended membrane with.a clamped
boundary.- When operating under a transmissien'mode, the suspended membrane may be
driven to vibrate so as to emit an:acoustic wave into the environment. In a receiving inode, an
" incoming acoustic wave nlay force the membrane to vibiate. Various driving methods, such .
‘as electrostatic and piezoelectric, may be used, with respect to .which, the structure of the
treatment transducer elements 224A and the measurement transducer elements 224B as well
as its requirement on the first front-end circuit 222 and the second front-end circuit 224
respectively, may also be different. ‘ |
[0050] The treatment transducer element 224A may emit an acoustic wave having a first
’frequency for liquefying the blood clot. The measurement transducer element 224B may -
operate at a resonant frequency which varies with a viscosity of the blood that the
measurement transducer element 224B comes into contact with. The blood viscosity value
can therefore be determined from the resonant frequency of the' measurement transducer °
element 224B. When the measurement transducer element 224B vibrates, an aeoustic. pulse is
transmitted. The acoustic pulse is reflected off a boundary of the blood clot and returns to the
"measurement transducer element 224B as ‘an acoustic echo. The time taken for the acoustic
echo to reach 'back to the measurement transducer element 224B depends on a radius of the
4 blood clot.’ By assuming the blood clot is of a spherical shape, the volume of_the blood clot
may be approximated based on the travelling time of the acoustic echo.
"[0051] FIG. 3 shows a flow diagram 300 showing a method of operating a thrombolysis
‘ device, in accordance to various embodiments. In 330, a catheter may be inserted into a-blood
clot. In 332, acoustic waves may be transmitted using a treatment transdueer, whlch is coupled
to the catheter. In 334, further acoustic waves may be transmitted and acousti¢ echoes may be
received, using a measurement transducer coupled to the catheter. The aceustic echoes may

be reflections of the further acoustic waves from a boundary of the blood clot. In 336, a
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measurement output may_be provided, using the measurement transducer. In 338, at least one N
of a viscosity of blood in a viclnity of the measurement transducer or a volume of the blood
clot may be determined based on the meésuremeut output, using a determination cireuit. In
342, control signals may be generated for controlling the treatment transducer, based on at
least one of the viscosity of blood in the vicinity of the measurement transducer, the volume
of the blood clot and a temperature measurement ‘of the blood clot. The method 300 may
further include usmg neuronav;gatlon techniques to insert the catheter into a centre of the
blood clot. ' ’

[0052] FIG. 4 shows a schematic diagram 400 of a thrombolysis device in operation, in
accordance to vatious embodlments The {thrombolysis device may be an ultrasound catheter
based, minimally invasive sonothromboly31s device for treating hcmorrhaglc strokes. 'I‘he
thrombolysis device may function by using ultrasound wave alone to accelerate lysis rate of a
blood clot thereby lowermg the risk of ncurologlcal detenoratlon ‘due to edema or
mechanical pressure by an mtracerebral blood clot. To operate the thrombolysxs device, a
catheter 102 may first be inserted into-a blood clot 444 for a localized delivery of acoustic
waves 440 to the blood clot 444. The catheter 102 may be inserted accurately into a centre of ’
the blood clot 444, using standard neuronavigation techniques. The catheter 102 may include
a treatment transducer and a measurement transducer. The treatment transducer and the
measuremient transducer may each include a pluralify of transducer elements operating under
low frequencies and high frequencies, respectively. The low frequencies may be in the range
" of tens of kilohertz while the hlgh frequencxes may be in the range of several megahertz.
When the low frequency transducer-elements in the treatment transducer are activated, the
blood clot may be mechanically broken down by the low frequcncy ultrasound waves alone.

~ The dissolved blood clot may be dramed out by gravity, through a drainage tube 228 without’
any additional Sl]CthIl force When the high frequency transducer elements are activated, they
may transmit high frequency- acoustic pulses to perform in-situ blood clot viscosity sensing
- and approximation of the blood clet volume. At the same time, a local temperature rise
.during treatment may be monitored with a temperature sensor integrated into the catheter -
102. Information on the blood clot viscosity, the blood clot volume and the localvtemperature
rise may . be used to "validate -the'.treatment efficacy and provide r_eal-time feedback
informati.on.to a closed-loop control circuit. The control circuit may be housed within a
control terminal 446, such as a computer system. The control circuit ruay provide control
signals for controlliug operation parameters of the treatment transducer; such as a driving

voltage and a duration time of operation.
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[0053] FIG. 5 shows an operation work flow 500 of a thrombolysis device, in accordance to
various embodiments. The operation work flow 500 may include an open loop work flow 550
and a closed loop work ﬁqw 552..'Thc open loop w_ofk ﬂow‘SSO may include 554 where the
" transmission of ultrasound waves is activated; 556 where fibrin or red blood cell of a blood ‘
clot is broken resulting in liquéﬁed blood and; 558 where the liquefied blood is drained away.
" The closed loop work flow may include 560 where the thrombolysm device sénses a
temperature of the blood clot; 562 where the thrombolyms device senses a v1sc031ty of blood’
and 564 where the thrombolysm device senses the blood clot volume. The closed loop work
flow may _further include controlling the transmission of ultrasound Wavcs through
parameters such as a driving voltage and a-transmission duration, based on information
provided by 560 562 and 564.
[0054] FIG. 6 shows a Capacmve Micromachined Ultrasomc Transducer (CMUT) 600, in
accordance to various embodiments. The CMUT 600 may be used as at least one of the
treatment transducef element 224A or the measurement transducer elemeut 224B of FIG. 2.
The CMUT: 600 may include a CMUT membrane 660, an insulation layér 664, a top
electrode 666 and a bottom electrode 668. The CMUT membrane 660 may be suspended over
a cavity 662, wherein at Jeast one end of the CMUT membrane 660 is anchored to the
insulation layer 664. The cavity 662 may be formed within the insulation layer 664. The top
electrode 666 may be positioned over a top surface of the CMUT membrane 660, wherein the
top surface of the CMUT membrane 660 opposes a bottom surface of the CMUT membrane
. 660. The bottom surface of the CMUT membrane 660 may face the cavity 662. The bottom
. electrode 668 may be positioned under the insulator layer 664. The bottom electrode 668 may
be in contact with a bottom surface of t.he insulatpr layer 664. The bottom surface qf the
_insulator layer 664 opposes a top surface of the insulétor layer 664, wherein the top surface of
the insulator 1ayer 664 is in contact with the cavity 662( The membrane 660 may be
. fabrlcated from silicon. - : o
- [0055] FIG. 7 shows. a Piézéeiéctxic QMicromachined Ultrasonic Transducers (pMUT) 700;
: according' to vario'us.' embodiments, The pMUT 700 may be used as at least one of the
treatment transducer element 224A or the measurement transducer element 224B of FIG. 2.
The pMUT 700 may include a piézoelectric layer 772, a top electrode 766, a bottom electrode
768, a support layer 774 and'u substrate 776. The piezoelectric layer 772 may be _sandwiéhed ‘
bethén the top elecirodg 766 and the bottom electrode 768. The top electrode 766 may be
patterned such that it only partially overlaps the piezoelectric layer 772. The bottom electrodg '
768 may be positioned in contact with the support layer 774, su.ch‘t}iat the bottom elec&odé :
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768 has a first surface in contact with the piezoelectric layer 772 and a second surface in
contact’ with the support layer 774, wherein the second surface opposes the first surface.
Collectively, the top electrode 766, the piezoelectric layer 772, the bottom electrode 768 and
‘the support layer 774 form a pMUT membrane, which may be suspended over a cavity 762.
The pMUT membrane may have both ends fixed to the substrate 776. The pMUT membrane
" may also be fixed to the substrate, 776-at only one end. . ;

[0056] FIGS. 8A t0 8C shows a transducer element in various stages of operation, aceording
to various embodiments, The transducer element may be 2 treatment transducer element or a
measurement transducer element. The transducer element may oe the CMUT.600 of FIG. 6 or-
the pMUT 700 of FIG. 7. The transducer element may also be other types of micromachined
transducers. _

[0057] FIG. 8A shows the transducer element in a stationary mode 300A. The transducer
element includes a membrane 880 with at least one end affixed to an anchor 882. The |

membrane 880 may also be affixed to anchors 882 at more than one end. FIG. 8B shows the

transducer element in a transmitting mode -800B. In the transmitting mode 800B, the .

transducer element may be operated i in a flexural mode, in other words, the membrane 880
. may be actuated to vibrate in a transverse direction 884, .the transverse direction being -
perpendicular to a plane of the membrane 880. The vibrations from the membrane 880 result
in an outgoing acoustic wave 440A being emitted. FIG. 8C shows the transducer element in a .
receiving mode 800C. In the receiving mode 800C, the membrane.880 may vibrate as a result
of incoming acoustic waves 440B. The vibrations of the membrane 880 may be converted
into electrical signals. : o
[0058] For transducer elements operating in the flexural mode, the operating frequency may
- be determined solely by the mechanical property of the suspended membrane rcgardless of
the dnvmg method. The fundamental resonant frequency f of a membrane with clamped

boundary condltron in vacuum may be described by Equatlon (1), as follows:

408+ h l E
871:'1‘2\’12’,0-(1—‘02) . :
f= o : : ¢)]
35.16+h E C
8r-a- leZ p-(1— vz)

(circular membrane)

(square or rectangular membrane)

where E, v and p are the Young s modulus, the Poisson’s ratio and the density of the
membrane materlal respectrvely r, a and b are the membrane radius, membrane width and
membrane length, respectively while & is the mcmbrane thickness. As can be seen from

Equatlon (1), for any h value, the fundamental resonant frequency f may be varied by
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changing r in the case of aicircular membrane or at least one of @ or b, for a square or'
rectangular membrane. Therefore, a plurality of ultrasound transducers‘ configured for
operating at.different frequencies may be simultaneously fabricated on a same substrate by
A designing differing lateral membrane dimensions for each ultrasound transducer within the
plurality of ultrasound transducers o ‘ -
.. [0059] Besides the operatmg frequency, the acoustxc intensity is another key parameter that
.'can directly determine the efflcacy of the acoustrc wave based sonothrombolysis. For
ultrasound. devices, the acoustic intensity W is proportional to the square of the generated
acoustic pressure P, as follows:
p2
e
where p is the density of the acoustic wave transmission medium and ¢ is the acoustic wave
transmission speed.
[0060] For ultrasound transducers workmg under the flexural mode, the acoustic pressure
generation capablhty is dependent on the membrane deflection frequency (f) and average

amplitude (dg,), as follows:

. P =V2nf + dayg - pe

* where dy, is governed by the deflection function
D a*d +2 8*d. 64d] (x,y)
| 3x* Ox? 6y 6y4
where p ~is the driving force and D is the flexural rigidity of the membrane
E-n?
1207

[0061] During operation of the thrombolysis device, the ultrasound transducer may be in

D=

contact with the blood as the catheter housmg the ultrasound transducer is inserted into the.
blood clot. The vrbratmg energy generated by the ultrasound transducer miay be partially
dissipated by acoustic radiation and viscous damping, the amount of which will be dependent

on the ‘viscosity of the blood clot surrounding the ultrasound transducer. Therefore, the -
resonant frequency of the ultrasound transducer in contact with blood f;,;.,.,,;, will be changed )

m accordance to Equatron (2) .
fblood < m o . ‘ - @

whete Bis the added virtual mass by blood clot.
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[0062] With respect to the dynamic viscosity 1 of fluid, Bcanbe expreésed by

0.669@2—2
ph

0. 6538-""—;:"3— (1+1.082¢) (Kozlovsky'smodel, forp > 10cP)  (3.2)

: (Lamb's model, forn < 10cP) G1)

where p;,,ood is the density of the blood clot, & is.a parameter characterizing - the energy

dissipation, r is the membrane radius and h is the membrane thickness.

e | 7
prlood 27 fy100a * T2

4

[0063] An ultrasound transducer, in accordance to various embodiments, may for example,
operate at a fundamentai resonant frequency of 27.1 MHz when the ultrasound transducer is
in contact with normal blood having a dynamic viscosity, #=3.5cP and density,
p;,md=1.08x103kg/m-, the resonant frequency falls to 15.9 MHz, as may be determined from
" Equation (2) and (3.1), Assuming the membrane supporting layer is made of silicon, the
membrane radius may be within the range of 10 pm to 40 pm,‘wllile the membrane thickness
may be within the range of 1 ym to 10 pm. - | |
[0064] If the ultrasound transducer is surrounded by a blood clot under the effect of higher
viscosity (i ,-150P), the resonant frequency will be further reduced to 12.18 MHz using
Equations (2), (3.2) and (4). For the purpose of the calculatiotls, the membljane raditl;s @) is
27um, the membrane thickness (4) is Spm and the value of density of membrane material (p)
is assumed to be 2330 kg/nt3 which is the density of silicon. '

[0065] Therefore, the viscosity variation of the blood clot during the treatment may be
monitored in real time by measuring the frequency response of the ulirasound dev1ce with a
pulse-echo operatwn

[0066] FIG. 9 shows a flow diagram 900 for an ultrasound pulse emitted by a thrombolys1s
- device, in accordance to various embodiments. In 992, the ultrasound pulse.ls cml_tted by a
transducer element. The ultrasound pulse travels towards a boundéry of the blood clot. In -
994, the ultrasound pulse is reflected at the boundary and travels back to the transducer
element In 996, the reflected ultrasound pulse is received by the transducer element

[0067] FIG. 10 shows a cross-sectional diagram 1000 of a blood clot 444 being measured by
a thrombolysis devnce, in accordance to- ‘various embodiments. A catheter 102 may be -
inserted into a centre of the blood clot 444. The shape of the blood clot 444 may be
' appro)umated as a sphere. The blood clot 444- may have a first boundary 1002 prior to

operation of the thrombolysm device. A first acoustic pulse may be emitted from a tip of the
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catheter 102, the tip being at the centre of the blood clot 444. The first acoustic pulse may
travel through a first distance 1004 (Ryp), to reach the ﬁrst boundary 1002 and may be
reﬂected off the first boundary 1002. The réflected first acoustic pulse travels back to the
.catheter 102 through the first dlstance 1004. The time taken for the first acoustic pulse to
travel to the first boundary 1002 and back to the catheter 102 may be represented as 2f;. At a
_next time instance, the blood clot may have shrunken in size. due, {to acoustic. waves emltted ‘
by the treatment transducer, such that the blood clot boundary shifts inwards to a second
boundary 1002”. " At the next time instance; the catheter 102 may emits a second acoustic
pulse, which travels through a second distance 1004 (R3), to reach the second boundary
1002” and may be reflected off the second boundary 1002”. The reflected second acoustic
pulse then travels .back to the catheter through the second distance 1004”. The time taken for
the second acoustic pulse to travel to tne second boundary 1002” and back to the catheter 102

may be represented as 2/,

' The first distance R and the second distance Rz may be detenmned from Equatlon (5)

Ri=t;"cRy=t;c ' ®)
where ¢ is the propagation speed of the dcoustic pulse,
[0068] Approximating the blood clot to be spherical, the reduction in the blood clot volume,
. AV may be determined from Equation (6): '

e V1 V2=—(R3 R3) (©)

where V; is the volume of the blood clot having the first boundary 1002 and V, is the volume
of the blood clot having the second boundary 1002”. The blood vélume reduction AV may be

- used as a measure for evalu‘ating the sonothrombolysis efficacy. | '

[0069] In the following, a Finite Element Analysis (FEA) of atreatment transducer, |
according to various embodiments, will be described. The FEA is performed to validate the
technical feasibility and safety of the treatment transducer in treatmg a blood clot. |
[0070] FIG. 11 -shows a FEA model 1100 of a treatment transducer, according to various .
, en_lbodnments. The treatment transducer may be a'pMUT device 700. The pMUT device 700
may include a pMUT membrane 1110 suspended over a cavity formed within a substrate;.
The pMUT membrane 1110 may include a top electrode 766 -and a bottom electrode 768 (not
shown). The pMUT membrane 1110 may be circular in shape and may have a radius 1112
and a thickness 1114 of 350pin and 5pm, t'espectively Thc fundamental resonant frequency
of the pMUT device 700 may. be 35 kHz, which falls into the effective frequency range for

sonothrombolysis treatment.
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[0071] FIG. 12 shows a simulated acoustic field distribution 1200 of the FEA model 1100 of
FIG. 11. The simulated acoustic field distribution 1200 shows that an aqeilstic pressuré-is at
its maximuﬁl value 1220 at a centre of the pMUT device and attenuates to a minimum value
1222 as tl;e acoﬁsﬁc wave travels away from the centre of the pMUT device.
[0072] FIG. 13 shows a graph 1'300 cbrrespdndiilg to the simulated acoustic field distribution
1200 of FIG. 12. The graph 1300 has a vertical axis 1330 ‘indi'cat‘ing‘ the acoustic pressure and
a h,orizontai axis i332 indicating the distance awey-from the centre of the pMUT device. A
point 1334 on the graph 1300 shows that the acdustic pressure is around 110kPa, 6cm away
from the centre of theipMU_T device. As the targeted blood clot volume to be treated is about
30ml to 50ml], and the clot is usually treated as a spherical shape, the equivalent radius of the
blood clot is calculﬁted to be about 2.3cm. From published data, an acoustic press‘nre‘of
around 85kPa is high enough for effective treatment. As such, the simulated acoustic field
distribution 1200 validates the feasibility of using the pMUT device as a treatment transducer
for mechanically breaking down-a blood clot. ' .
[0073] FIG. 14 shows a simulated temperatire field dlstnbunon 1400 within a b100d .
clot 444, when the blood clot 444 is being treated by a treatment transducer, in accordance to
| various embodiments. A thermal simulation was performed, to estimate the safety of the
| treatment transducer in aceordance'to various embodiments. Besides efﬁcacy,'safety is also
en important consideration for a .sonothrombolysis device, as at least ;;art of the acoustic -
energy' from. the acoustic waves emitted by the treatment transducer may be converted to -
thermal energy. The upper safety temperature limit for brain tissues is typically about 41°C to
42°C, above which the brain tissues will suffer from negative bio-effects; 'For a ﬁlore
conservative assessment of the safety of the treatment, a centre 1442 of the blood clot 444
was simulated as having reached 43°C, higher than the upper safety temperature limit.
Dunng the simulation, the values of spemﬁc heat and thermal conductmty for human clotted
blood of 3. 5x103J/kg'K and 0.59W/m*K; respectlvely, were adopted. The blood clot 444 was
" modeled as having a radius of 2.3cm: The temperaturc at a boundary 1002 of the blood clot -
was measureel to' assesé ‘the safety .of the treatment. The- simulated temberature field
distribution 1400 shows that the rnaJonty of the blood clot 444 has a lower temperature than
the centre 1442 of the blood clot 444, '
[0074] FIG. 15 shows a graph 1500 correspondmg to the 31mulated temperature field
4 dlstrlbunon 1400 of FIG. _14. The graph 1500 has a vertical axis lSSQ indicating the
tefnperature measured in Kelvins and a'horilzontal,axis 1552 indicating the distance away

from the centre of the blood clot. A point- 1554 on the graph 1500 shows that the temperature
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‘of the blood clot, at a distance of 1.8cm away from the centre of the blood clot, falls to about _
310.1K (about 37°C), which is the normal humah body temperature ‘Therefore, a boundary of
the blood clot at 2.3cm away from the centre of the blood clot centre will remain at the
normial body temperature of 37°C. In view of the above the treatment of the blood clot using -
the treatment transducer is safe.
[0075] In the followmg, a proof of concept” expenment of . the measurement transducer :
'accordmg to various embodlments, will be descnbed - '
[0076] FIG. 16 shows an experiment set-up 1600, including a liquid bath 1660, a transmitting
CMUT element 600A, a teceiving CMUT elemeot 600B a .trans.mitter circuit 1664, a

receiver circuit 1666, a signal generator 1668 an oscilloscope 1662 and a power source 1670,

The liquid bath 1660 contains a liquid which may be water or oil. The transmitting CMUT -

element 600A and the receiving CMUT element 600B may be both immersed into the liquid
bath 1660, with 4 20V DC bias supplied by the power source 1670 applied to a corhmon
bottom electrode of the transmitting CMUT element 600A and the receiving CMUT element
600B. The transmitting CMUT element may be first actlvated with a pulse signal (20V Vpp .
- amplitude, 50ns pulse width and S00Hz repetition frequency) sent from the transmitter circuit
1664. The pulse signal may be generated by the sfgnal generator 1668. The same signal may
also be provided to the oscilloscope 1662 as a reference. The transmitting CMUT element
600A may then generate an 'outgoing acoustic wave 440A, which may be reflected at the
liquid/air interface to hecome an incoming acoustic wave 440B which may be subsequently -
- collected by the receiving' CMUT element 600B. The receiving CMUT element 600B then
provides an output current signai to the receiver circuit 1666 which includes a
transimpedance amplifier (TIA). The receiver circuit 1666 may translate the output current
signal to an amplif{ed output voltage, which may then be captured by the oscilloscope 1662 at
a sampling rate of 100MHz. ‘ , .
[0077] For the proof of concept demonstratxon, the expenment was. conducted with the
expenment set-up.1600 with deionized (DI) water as the liquid in the llqllld bath 1660, and
then repeated with soybean oil as the liquid in the liquid bath 1660. The dynamic viscosities
- of the DI water and the soybean oilb are is 1cP and 80cP, respectively. ,

[0078] FIG. 17 shows a graph 1700 which presents the variation of the output voltage in
time, for an expenment ‘conducted with the experlment set-up of FIG. 16, where DI water is
used as the liquid in the liquid bath. Graph 1700 has a vertical axis 1770 and a horizontal axis
- 1772. The vertical axis 1770 indicates an output voltage while the horizontal axis indicates

time. The graph 1700 includes a first part 1774 which shows an outgoing acoustic wave and a .
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second part 1776 which shows an incoming acoustic wave. The inc%)ming acoustic wave is a_

- ‘reflection pf the ou'tgding acoustic wave from the air/DI water interface of the DI water bath.
[0079] FIG. 18 shows a graph 1800 which pycsents the variation of thé output voltage in
time, for an expeiiment conducted with-the expérimeht set-up of FIG: 16, where soybean oil
is used as the liquid in the liquid batki. Graph 1800 has a vertical axis 1880 and a horizontal
axis- 1882. The vértical axis 1880 indicates an output voltage whlle the honzontal axis
md1cates time. The graph 1800 includes a first part 1884 which shows an outgomg acoustic
wave and a second part 1886 which shows an incoming acoustic wave. The incoming
acoustic wave is a reflection of the outgoing acoustic wave from the air/soybean oil interface
of the oil bath. ' A

' (00801 FIGS. 19 and 20 show amphﬁed views of the second part 1776 of FIG. 17 and the
second part 1886 of FIG. 18, respectively. The incoming acoustic wave of FIG. 19
demonstrates-a distinct oscillation ha\}ing a larger amplitude and a longer time duratior.l as
compared to the i 1ncom1ng acoustic’ wave of FIG. 20, as a result of the sinaller dampmg effect
in DI water, due to its lower dynamic viscosity (IcP). The oscillation in the incoming '
acoustic wave of FIG. 20 is nearly ncghglble, due to the higher damping effect i in soybean

- oil,asaresult of a hlgher dynamic vnscos1ty (80cP)

{0081] FIG. 21 shows a graph 2100 having a vertlcal axis 2102 and a horizontal axis 2104

The vertical axis 2102 indicatés a normalized amplitnde while the horizontal axis 2104

indicates a frequency. The graph 2100 further includes a continuous line 2106 and a broken =~

line 2108, representing the frequency responses of graph 1776 from FIG. 19 and graph 1886
from FIG 20, respectively. Through performing Fourier transform to the time domain signals
from gréph 1776 of FIG 19 and time domain signals from graph 1886 of FIG. 20, the
frequency responses of the CMUT element in a DI waiter bath and in a soybean oil bath may.
be obtained. The continuous liné 2106 shows that thc center frequency and -6dB bandwidth
of the CMUT dev1ce are found to be 16.8MHz and 2.65MHz, respectively, in the DI water
bath, The broken line 2108 shows that the center frequency will shift to. a lower value of
11.1MHz, and at the same tlme the -6dB bandwidth increases to 9.12MHz, when the CMUT
device is operated in the soybean oil bath. . A

[0082] In view of the above, a viscosity value of the liquid in the liquid bath may be deduced
from the centre frcquency. of the iﬁ¢oming acoustic wave, which is an eého of the outgoing
acouétic waw.le. A measurement resolution of the viscosity may be dependent on the minimum
frequency shift that is determinable. Thé minimum determinable frequency shift is inversely

proportional to a sampling titﬁe of the oscilloscope. For example, given a sampling time of
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Ims, the frequency resolution will be 1 kHz. Considering the theoreti_cal -analysis. results
discussed above, the change gradient of the resonant frecjugncy with réspect to the viscosity is
found to be around -72kHz/cP whc;,n thé viscosity falls around 80cP. As éresult a 1 kHz
frequency resolution may provide a viscosity measurement resolution as small as 0.014cP
(1/72). . ) ‘ '

[0083] Whlle embodxments of thie invention have been parncularly shown and described with
reference to spec1fic embodiments, it should be understood by those skilled in the art that
various changes in form and detail may be made therein without departing from the spirit and
scope of the invention as éefined by the apbended claims. The scope of the iﬁvention is tﬁu,s'
indicated by the appended claims and a.l'] éhanges which come Vs;iibin the meaning and range'
of equivalency 6f the claims are therefofe intended to be~embraced.‘ It will be appreciated that
common humerals, used in the relevant dréwings, refer to componehts that serve a similar or

the same purpose.
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Claims

1.

2.

A thrombolysis device comprising:

a catheter configured to be inserted info a blood clot;

a treatment transducer coupled to the catheter, the treatment transducer
configured to transmit acoustic waves;

a measurement transducer coupled to the catheter, the measurement transducer
configured to transmit further acoustic waves and further configured to receive
acoustic echoes, the acoustic echoes being reflections of the further acoustic waves
from a boundary of the blood clot, wherein the measurement transducer is further
configured to provide a measurement output;

a determination circuit configured to determine at least one of a viscosity of
blood in a vicinity of the measurement transducer or a volume of the blood clot, based
on the measurement output; and

. a control circuit configured to generate control signals for controlling the
treatment transducer, based on at least one from the group consisting of the viscosity

of blood in the vicinity of the measurement transducer, the volume of the blood clot

" and a temperature measurement of the blood clot;

wherein the determination circuit is further configured to determine the

temperature measurement of the blood clot, based on the measurement output.

The thrombolysis device of claim 1, wherein the measurement output comprises at

least one of a resonant frequency of the measurement transducer or a travelling time of the

acoustic echoes.

3.

The thrombolysis device of claim 2, wherein the viscosity of blood in the vicinity of

the measurement transducer is determined based on the resonant frequency of the

measurement transducer.

a.

The thrombolysis device of claim 2, wherein the volume of the blood clot is

determined based on the travelling time of the acoustic echoes.

2]



5. The thrombolysis device of claim 1, wherein at least one of the treatment transducer
or the measurement transducer is arranged on at least one of an end of the catheter or a

sidewall of the catheter.

6. The thrombolysis device of claim 1, wherein the treatment transducer comprises a

micromachined transducer element.

7. The thrombolysis device of claim 6, wherein the treatment transducer further
comprises a front-end circuit configured to control the micromachined transducer element of

the treatment transducer.

8. The thrombolysis device of claim 1, wherein the measurement transducer comprises a

micromachined transducer element.

9. The thrombolysis device of claim 8, wherein the measurement transducer further
comprises a front-end circuit configured to control the micromachined transducer element of

the measurement transducer.

10.  The thrombolysis device of claim 1, wherein the treatment transducer comprises a
first micromachined transducer element and the measurement transducer comprises a second

micromachined transducer element.

11.  The thrombolysis device of claim 10, wherein the first micromachined transducer
element and the second micromachined transducer element are fabricated on a common

semiconductor device.

12.  The thrombolysis device of claim 1, wherein the acoustic waves are continuous sound

waves.

13.  The thrombolysis device of claim 1, wherein the further acoustic waves are a series of

pulses.

14.  The thrombolysis device of claim 1, wherein the acoustic waves have a frequency
within a range of 10 kHz to 100 kHz.
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15.  The thrombolysis device of claim 1, wherein the further acoustic waves have a

frequency within a range of 1 MHz to 10 MHz.

16.  The thrombolysis device of claim 1, wherein the control signals are configured to
control at least one of a driving voltage of the treatment transducer or an operation duration

of the treatment transducer.

17.  The thrombolysis device of claim 1, wherein the determination circuit is further
configured to determine the temperature measurement of the blood clot, based on an

attenuation and delay of the further acoustic waves.
18.  The thrombolysis device of claim 1, further comprising a temperature sensor coupled
to the catheter, the temperature sensor configured to provide the temperature measurement of

the blood clot.

19.  The thrombolysis device of claim 18, wherein the temperature sensor is positioned

within the catheter.
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