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ABSTRACT

Medical ultrasound has contributed to development of medical technology
since the late 20th century and is divided into diagnostic and therapeutic
ultrasound. This thesis is a basic study of therapeutic ultrasound of brain
tissue through skull, in which experimentally measured the transmission
characteristics of shock wave generated by Carbone Nano—Tube (CNT)
composite photoacoustic transducer through human skull.

Three human skull cadavers were provided from the Anatomy laboratory in
Jeju National University. Five measurement positions were decided from the
reference position of the bregma, center, left and right lobes of sagittal suture,
frontal and occipital lobes. The average thickness of the human skulls was
extracted from CT (Computed Tomography) images, and the average
thicknesses of the three human skulls were 7.5 = 0.3, 5.2 = 0.5, and 5.6
£ 0.5 mm. The density and sound speed of the human skull cadavers were
calculated by HU (Hounsfield Unit) value extracted from CT images. The
average density and sound speed of the three human skulls were
1.908+0.047, 1.85%0.032 and 1.995+0.052 g/ cm®, and 2836%*51,
2750%48, and 296363 m/s, respectively.

The experiment was carried out in two cases. First, a HIFU (High Intensity
Focused Ultrasound) transducer (H—101, Sonic concepts Inc, Bothell, WA,
USA) transmitted ultrasound of center frequency of 1.1 MHz through central

position of a human skull and a needle hydrophone (TNUOO1A, ONDA,



Sunnyvale, CA, USA) was used to measure the pressure without and with the
skull. The sound pressures transmitted without and with the human skull
were measured to be 240 kPa and 8.8 kPa, which was 25 times less.
Simulation results of SIMALIFE software without and with the human skull
were 260 kPa and 11 kPa, which is similar to the experimental results.
Second, shock wave generated by a CN'T composite photoacoustic transducer
using a laser system (Wave length = 532nm, Laser energy = 250mJ,
TribeamK, Jeisys, Medical Inc, Seoul, Korea) was measured without and with
human skull cadavers by the same needle hydrophone. The normalized
transcranial sound pressures by reference ones without skulls were averaged
to 0.07, 0.07 and 0.192 from 5 measurement positions for the three human
skulls. The average center frequencies and attenuation coefficients were
measured to 266, 175, 398 kHz, and 3.38, 5.09, 3.04 np/cm/MHz,
respectively. Attenuation coefficients of experimental results from the broad
band CNT composite transducer and simulated narrow band results for
frequencies of 200 — 900 kHz with a step of 100 kHz were 6.02 and 5.98
np/cm/MHz, respectively, which are reasonably in agreement.

Both sound pressure and center frequency of shock wave generated by the
CNT composite photoacoustic transducer were decreased with thickness of
the human skull, and the attenuation coefficient measured from broad band
shock wave was confirmed by simulated one from continuous waves. These

experimental results from the shock wave generated by CNT composite

10



photoacoustic transducer may provide important data when applied to brain
treatments by mechanical effects of transcranial ultrasound such as drug
delivery through temporary Blood—Brain—Barrier opening and

neuromodulation.

11
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Table 1 Speed of sound and acoustic impedance of some common biological

materials

Acoustic impedance
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Fig. 1(a) Sonalleve MR-HIFU, (b) External view of the US-guided HIFU e
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A1

Fig. 2 ExAblate Neuro - a non-invasive, incision less treatment for

essential tremor using MR-guided focused ultrasound. Image (a)
MRgFUS transducer, (b) MRgFUS device - Focused ultrasound
therapy for the treatment of essential tremor refractory medication

[https://www.insightec.com]
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Table 2 Measured weight, width, and length of human skull cadavers

Skull—1 Skull—2 Skull—3
Weight [g] 343.7 198.8 220.3
Width [em] 15.1 14.1 14.7
[E;?gth 17.4 17.3 16.4
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(a)

(d)

(b)

Skull. 1 Skull. 2 Skull.3

Fig. 3 The weight and shape of the three skulls.
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(a) CT Original Data (b) Human skull Image

Fig. 4 The position of transducer for measurement. (a) CT slices for Hu

man skull. (b) 3D Human skull image by combining all CT slices.

@ bregma
suture

Fig. 5 Measurement positions from the bregma.
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o HA HU e 2400, —1024 2 988kt [14]

) HU — HU,,;,
max . min HUmax - HUmin

o = pmin+(p €Y)

FAEY &5 flolA Axd s 4 (2) o tislste] WEe] Ad g

o -0 _ .
C=Cpnmnt (Cmax - Cmin)—mm

max ‘Omin
EolA 5452 1500 m/s 2 7FEsklen Tl Hd 52 4000 m/s £

7V48 T HU #ks E3) Aate F=9 Uxsl £4£°8 18 Fig. 6

olgste] Hiel 559 EXLEE uYEth Skull-1 9 A, FHEY

A E JEAEE FAYY 9o HY WxE 2.3 g/em’, 2452 3433

Densitukotn®)
Soundspeedimss)

Fig. 6 The measurement positions are Frontal lobe, Center, Left, Righ
t, and Occipital lobe. This picture is a CT image of Skull-1 showing t
he focal point of each site. Skull-1 is thicker than other skulls with |
arge size. Frontal lobe has higher density and sound speed than oth

er parts.
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Table 3 Human skull parameters extracted from CT data.

Skull-1 Center lobe Left lobe Rightlobe Frontal Occipital
u -
© (L) (R) lobe (F) lobe (0)
Density
3 2.004+0.022 1.775+0.047 1.795+0.043 2.018+0.082  1.951+0.043
[g/cm’]
Sound speed
2977+33 2640+58 2669+68 2997+54 2899+46
[mm]
Thickness
7.5+04 6.5+0.3 8.1+0.3 79+0.2 7.6+0.3
[mm]
Skull-2 Center lobe Left lobe Right lobe Frontal Occipital
u -
© (L) (R) lobe (F) lobe (O)
Density
3 1.995+0.032 1.760+0.047  1.700+0.030  1.949+0.026  1.850+0.028
[g8/cm?]
Sound speed
2964+48 2617+69 2530+44 2890+39 2750+42
[m/s)
Thickness
6.7+0.3 3.5+0.6 5.0+0.4 3.7+£0.6 6.9+0.4
[mm]
Skull-3 Center lobe Left lobe Right lobe Frontal Occipital
u -
(©) (L) (R) lobe (F) lobe (O)
Density
3 2.085+0.035 1.942+0.059 1.828+0.035 2.089+0.067 2.031+0.067
[g/cm?]
Sound speed
3096+52 2885+96 2718+29 310369 301769
[m/s)
Thickness
54+0.2 5.2+0.5 53+0.7 5.9+0.7 6.0+£0.5
[mm]
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(a) (b)

Fig. 7(a) CNT composite transducer used in the experiment is 5 cm in
both diameter and focal length, (b) HIFU transducer (H-101, Sonic
concepts Inc, Bothell, WA, USA) is 6.4 cm in both diameter and focal le
ngth with 1.1 MHz of center frequency

2.3.1 HIFU EWAAFA &3 A ¢

Adolry, X% 1l Fap7h A3 gyl o BAVIE Tl 54 FEH

(DHIFU E@AA74 (H-101, Sonic)= &7 64 mm, 23 718 64 mmo|H
T FI9 1.1 MHzE Zeth Ay s S 35 24871 (332504,

Agilent) oA 3 Abo]E 9] ARQl IH2 i ste] TAAFA
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2)FhE WFE Fahst S Ho HellA v sto]=EE ((TNUOOLA,
Onda, Sunnyvale, CA, USA ) o2 =743}3it}.

£ HAAZFE7] (HPA30, Onda

>
for

(3)Hr=EE Flol=E2FOoRREH FAH
Corp, Sunnyvale, CA, USA)°ol4] 30 dB =% & A2 AF3X (546158,
HP) 2 Qlakaitt.

(4) PC2 A" " AEE= MATLABOZ v W Fyf A4S =3

FAE W R S5 SHS B,

#1a) Pulse Laser : TribeamK(Jeisys), b) HIFU : H-101 (Sonic)
#2 Pre amplifier : HPA 30 (Onda) (Gain=300 dB)
B ) CNT Transducer 3 Power Supply : E3631A (Agilent)
+* Oscilloscope : LT354 (Lecroy)
+5 Needle Hydrophone : TNUOO1A (Onda)

A) HIFU Transducer

1) +19) | ager

HIFU
transducer

l l l l l > *ZPreampIiﬁer

CNT J{
transducer|

3 Power Supply

|

5 Oscilloscope

|

‘~.
ﬁi PC

5 Hydrophone

«-Ma.

«5 Hydrophone

Fig. 8(a) the experimental set up with HIFU transducer. (b) The experim

ental set up with CNT composite transducer. The shock waves generate

d from the CNT composite by the laser are transmitted through the sk
ull and received by the needle hydrophone.
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CNT 534 F5¢ EWAFAE o] &3 4 AL dolAdA WEd &

AUAE Fst] CNT HTA F5F EdAmAodr FA%E 27
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ftlo

FEH] Akl Fe e 2

rlr

Fu S 200 kHz oAFE 900
kHz 7F4] 100 kHz 3+A .2 A&3} gt A& ol dS it

Table 4 Human skull parameters provided by SIM4LIFE simulation

software.
Density  Sound speed Attenuation Coefficient
[kg/m’] [m/s] [Np/cm]
Cortical bone 1908 3515 0.52
Cancellous bone 1178 2118 0.61
Water 1000 1500 0

() (d)

Fig. 9 Set up of SIMALIFE software simulation. (a) Insert CT slice into |

SEG tool, (b) Classification of skull layer within ISEG tool, (c) 3D shape

of the human skull combined with all CT slices, (d) adjustment of tran
sducer position in SIM4LIFE
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Transducer

Transducer

Human skull

(b)
Fig. 10(a) Beam pattern without the skull using SIM4LIFE, (b) Beam

pattern with the skull using Sim4LIFE
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Fig. 12 ¢} Table 5 o] YEFITE Case 1 oA HIFU EWATA A vy g
Az =4 Az Hy S¢to] 240 kPa, AlEHo|AHA A= 260 kPa ©|

SAHENS. FE SAFAE FH o Ao 59 8.8 kPa, —6 dB 4

Z° 33 mm o9 4 FI5E 900 kHz o|tl. SIMALIFE A E o]

Fig. 11(a) Ultrasound wave generated by a HIFU transducer was measur

ed with a needle hydrophone (Case 1); (b) An ultrasound wave transmi

tted through a skull was measured with a needle hydrophone (Case 2)

Table 5 Comparison of the sound pressure and —6 dB bandwidth of simulations
at 900 kHz and HIFU transducer experiments

Measured Simulation
Ref pressure 240 [kPa] 263 [kPa]
Peak Pressure 8.8 [kPa] 11 [kPa]
Frequency 890 [kHZz] 900 [kHZz]
-6dB Beam width 3.3 [mm] 2.05 [mm]
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Fig. 12 Sound pressure at the focal point with and without the skull ca

daver. (a) Simulation results of sound pressure measurement without a

nd with a skull. (b) Measured sound pressure without and with a skull

using HIFU transducer
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Case 1 ¢ A% F/=cl fl= AW (Fig. 13@)lA CNT A &

bEE selERECR W2 S 24 dAE & = 2.2 4 e H

WS Sl 5%, Tk, Al ALtslith

(@) (b)
Fig. 13(a) Shock wave by a laser generated CNT composite transducer
was measured with a needle hydrophone (Case 1). (b) When the signal
transmitted through the human skull was measured with a needle hyd

rophone (Case 2)
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Fig. 14(a) Reference signal of shock wave generated by a CNT com
posite transducer in water (case 1). (b) Transmitted signal at the c

enter position of a human skull cadaver (case 2).
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Table 6 In the table, thickness, density, and sound speed were averaged 10

times in CT data. The normalized pressure, Max peak frequency and

attenuation coefficient is measured by MATLAB processing

Skull-1 Center lobe Left lobe Right lobe Occipital
u -
© (L) lobe (O)
Normalized
Acoustic 0.053 0.1
(392kPa)
pressure
Max P Freq.
1250 248 283
[kHz]
Attenuation
Coeff. - 3.8 2.94
[np/cm/MHz]
Skull-2 Center lobe Left lobe Right lobe Occipital
u -
© (L) lobe (O)
Normalized 1
Acoustic 0.05 0.11
(392kPa)
pressure
Max P Freq.
1250 106 179
[kHZz]
Attenuation
Coeff. - 6.32 5.37
[np/cm/MHz]
Skull-3 Center lobe Left lobe Right lobe Occipital
u -
© (L) lobe (O)
Normalized 1
Acoustic 0.38 0.16
(392kPa)
pressure
Max P Freq.
1250 583 316
[kHz]
Attenuation
Coeff. - 1.33 2.93
[np/cm/MHz]
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Fig. 15 Relationship between thickness and normalized pressure. A gr

aph showing the all of skull in terms of the normalized sound pressu

re for the thickness.

Table 7 Linear fit equation value of normalized pressure.

Y=Ax+B Skull 1 Skull 2 Skull3
A -0.015 -0.017 -0.036
B 0.18 0.16 0.35
R’ 0.75 0.79 0.54
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Figure. 16 Relationship between thickness and normalized frequency. N

ormalized frequency for the thickness. The marked parts are excluded

because of severe variation for skull-3.

Table 8 Linear fit equation value of normalized frequency.

Y=Ax+B Skull 1 Skull 2 Skull3
A -0.024 -0.024 -0.028
B 0.39 0.31 0.42
R 0.49 0.65 0.86
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Table 9 Using SIM4LIFE software, the sound pressure and —6 dB bandwidth
at 200 ~ 900 kHz frequencies were computed. As the frequency
increased, transmitted acoustic pressure and the beam width

decreased.
200kHz 300kHz 400kHz 500kHz
Peak Pressure [kPa] 60 91 120 151
Reference Power [10~% W] 2.65 2.74 2.78 2.78
-6 dB Beam width [mm] 7.6 5.2 4.1 3.2
Peak Pressure [kPa] 24 23 22 20
With Skull
-6 dB Beam width [mm] 11 7.6 5.85 494
600kHz 700kHz 800kHz 900kHz
Peak Pressure [kPa] 182 213 240 263
Reference Power [10~% W] 2.74 2.78 2.65 2.64
-6 dB Beam width [mm] 2.8 24 2.1 1.8
Peak Pressure [kPa] 19 16 14 11
With Skull
-6 dB Beam width (mm) 4.28 3.02 2.05 1.5
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. | —=— Simdlife simulation data
.| — Linearfitting data

507 Slope =598 np/cn/MIHz

1.0 1
100 200 300 400 500 600 700 800 900
Frequency (kHz)
(a)

Attenuation Coeff. (npfcm)

—— CNT experiment data
—— Linear iting data

Slope = 6.05 np/em/MHz

D o e P e
200 300 400 500 600 700 800 900 1000
Frequency (kHz)

(b)

Fig. 17 Attenuation coefficients by linear fitting of the broad band meas

urement by CNT composite transducer and narrow band simulation by S

IMALIFE. (a) Attenuation coefficient when shock waves from a CNT com

posite transducer transmitted the skull. (b) Attenuation coefficients from

a continuous wave from 200 to 800 kHz using SIMA4LIFE simulation.
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