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1.1.3 Targeted Contrast Agents & Thermosensitive Li posomes 

�
�� ���������
�� ��� ������	����� 	������	
�� ��
������ �� �
��� 7��!�9� �
��

�
������
������� ���������� ���� ��������� �����
�� �
�� � �������� ��	�� ��������� ���

��������
�� �������$� � 5�����	����� ��!�� ���� ������ ����� �� �
��%� ���
� ��4�� ��� .$/2-�

�����
�%� ����
�������� ���� �
�����
�	�� �
:�����
� �	�
� � 
��� �
��� .$/� �B� �
�������� �
��

���
��� ��� ������ �������� ��� ����� �� ������� ��� /.%� �
��� �
�� ��������
� ��� ���������2��4���

�������$� � �
�� ��
������ ������	������ ���� 	���� ���
���� ��� �
� �������� �6���� �
�� �
�

�6������
���� ����	���
� ��	����� ��� ���
��%����
����
��� � ����
%��
�� �����%��
�� ������ ���1�

����	����
��� ��� ������%���������%��
�� ������ �	�����L;A% �8.M$����!�� ������ �
�� ����
�����

�����������%��
�6��
����%�����2�����	���1��
�	����
� 4�
����������
%��
�������
	������������

������� ��	����� ��� �
� �������
�� ��
�����
�$� � �
� �������
% � ��!�� ���� ��� 	���� 1��
�

	������	
�� ��� �� ���
��� ��� ���
�
�� �
�� ����� ��	����� �	�� ���� �
��� ���
�
�����

����������
Q1��
� 
�� �
������� ���������
� ��� ������ ����� �6����������
Q��� ������	������ �
�

���������� �������� ������ ��� ���
�
����� ������
�
�� ��� � 
�� �������� �
�� ���
�
�� ��� �
�� ���%�

1��
�
���
����������������,	�����L8/%�8-M$�



�

A�

B��������� ���� ������
�2�
������� ��������� ��������� �� � �� ������ �������� �
����

71
��
� ��
� ����� 
�����
����� �
�� ���
����
��� ��	��9� �	�� �	
��
�� �
� �,	��	�� �����

71
��
� ��
��
����	�����
�����
����� ��	��9%�1��
��� ������ �������������
����/..�
��L80M$��

B��������� ���� �������� ��
:	������ ��� �
��������� ��� ��
� �� ��
����
� ����
��%� �
�� ��!��

��
� ����� ��� �
��������� ��������� ��� �
����� ������� ����� ��
�� ��� �	���� �
�����
����3� ����

�6�����%�	������	
�������	���������
������	�����
�����
� �����
��������������
�����
�	��

�
:�����
����������	������������������T � U0��
�����
��
�������
���������

�
����
�������

�������� ������������� �
�� �� ������ ����������� L8;M$� � ������ � ��	�� ��������� ��
�����%�

��
:	����
�������������
��������	�����%����������	
�����
�� ��������
�L80M$�

�
������
������� ���������� ��
���
�
�� �
�� ��
���� ��	�� ��6��	����
� 
���� ���
�

�
�1
� ��� ,	������ �������� �
���� ��
��
���1
�
� �
�� �	� ��	
��
�� ��������	��� ��� ������� ���

;/=�%� ��� ;=�� ������ 
������ ����� ��������	��� L;0M$� � �
������ �%� �
������
�������

���������%��
������
����
�1��
�������
�����
������71
� �
�����������������
�����������

��� 	������	
�9%� �������� ��������� ��
����� ��� ��	�� �� ������ �
��� ���� �	���
��

�
����
�����	��������������
���
�����
����������
���L;0%�88 M$�

�

1.1.4 Endovascular Neuroradiology Techniques 
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1.1.6 Dual-mode Transducers 
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1.2 Objective 
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2. Intracranial Ultrasound Catheter Integrating Rea l-time 
3D Imaging & Hyperthermia  

�

2.1 Introduction 
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2.2 Methods 
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2.2.1 Preliminary Experiment: Hyperthermia with RT3 D Scanner 
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2.2.3 In Vitro Temperature Measurement 
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2.2.4 Large Animal Study Protocol 
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2.3 Results 
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2.3.1 Preliminary Experiment: Hyperthermia with RT3 D Scanner 
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2.3.2 In Vitro Imaging & Thermal Performance Tests 
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Frequency 

(MHz) 

Focal 
Depth 
(cm) 

ISPTA 
(W/cm2) 

Temperature Rise 
(°C)  

Max. 
Heating 

Rate 
(°C/sec) in vitro in vivo 

Linear Array 
(w/matching circuits) 

4.4 3 6.88 5.0 (N/A) 0.509 

AcuNav 5.33 2 4.10* (N/A) (N/A) (N/A) 

AcuNav 5.33 1 (N/A) (N/A) 4.5† 0.020 

Dual-mode Catheter: 
All Elements 

3.64 2 2.43 3.5 (N/A) 0.164 

Dual-mode Catheter: 
Linear Arrays 

4.6 unfocused 4.54 (N/A) 0.87‡  0.146 

* extrapolated estimate 
† transducer self-heating 
‡ weakened elements 
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2.3.3 In Vivo Canine Model – Imaging 
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2.3.4 In Vivo Canine Model - Hyperthermia 
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2.4 Discussion 
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3. Investigation of Dual-mode IVUS Apertures 
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3.2 Methods 
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3.2.2 Prototype Fabrication 
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3.2.4 Thermal Modeling 
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3.3 Results 
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3.3.1 Experimental Measurements 
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  Measured Pulse CW Extrapolation 

Transducer 
Frequency 

(MHz) 
ISPPA 

(W/cm2) 
MI 

ISPTA 
(W/cm2) 

Wo 
(W) 

Max. 
Temp. 
Rise 
(°C) 

Normalized 
(8° max.) 4° 
Penetration 
Depth (mm) 

0.7mm diam. 
SoniCath 

8.6 4.6 0.16 5.0 0.06 4.6 4.7 

.35x.35mm PZT-4 
w/MN 

3.85 3.6 0.19 5.6 1.0 31.0 1.9 

5x.5mm PZT-4 
9.8 30.9 0.29 39.6 1.9 73.8 5.9 
3.6 5.2 0.23 8.1 0.8 9.8 8.6 
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3.3.2 Thermal Model Calculations 
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3.4 Discussion 
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4. Dual-mode IVUS Transducer Validation 
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4.1 Introduction 
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4.2 Methods 
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4.2.1 Imaging 
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4.3.2 Therapy 
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4.4 Discussion 
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Appendix A : Maximum Electric Power Transfer & 

Matching Network Design
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Appendix B: Matching Network Code 

�
�������1�
��5!�B!�������������	�������
�����������
� 	���
����
����������
���

���	��� ��� ��� 	���� 1
�
� �������
��
�� �� �1�2�����
�
�%� B2������
� ����
�
�� 
��1����

���1��
�����
� ��	���� �
�� ����� ������
���%������ ������� ������,	�
��$���
�� ������%��������

LEsh3MN3p4MHz.m%� ��� �	�����4��� ���� �� 0 �� 2��
������
%� �������4��2B�+2�
�������

�
������ ���������� ���
��	���%� ��� ���������� �
� �
������ ;%� ��� ��� 	���� 1��
� �� -82#����

��1����������������0$;�5�4$���

close all; clear all; 
 
%import impedance meter data (water-coupled element  Z, Z looking 
into 50dB amp--1mVpp noise as input--turned on): 
%***note that frequency range for long element is 0 .1-20.1MHz, 
***3.4MHz is index 67 
load LEsh3.imp;  wz01mag = LEsh3(67,2);  wz01phs = LEsh3(67,3);  
wzCmplx(:,01) = wz01mag.*exp(i*(pi/180).*wz01phs); 
%***note that frequency range for amplifier is 0.1- 20.1MHz, 3.4 
MHz is index 67 
load ENIamp2.imp;  On01mag = ENIamp2(67,2);  On01ph s = 
ENIamp2(67,3);  OnCmplx(:,01) = 
On01mag.*exp(i*(pi/180).*On01phs); 
 
f = 3.4.*1e6; %hard-code or create frequency (Hz) v ector from 
impedance meter data 
w = 2*pi.*f; %radial frequency vector 
 
foInd = 1; %67; %index corresponding to desired cen ter/operating 
frequency in above frequency vector (67 -> 3.4MHz) 
f0 = f(foInd) %display operating freq. 
 
LoadZ = wzCmplx(foInd)   %display load impedance(s)  
SourceZ = OnCmplx(foInd) %display source impedance( s) 
 
%Given an output voltage magnitude of 80V and the s ource 
impedance profile for each channel.... 
Vth = 80; 
Zo = OnCmplx(foInd,:); %set source impedance at ope rating freq. 
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%find max. power transfer for given channels(at ope rating freq., 
no matching network): 
Zcmax = conj(Zo); %set load to be the complex conju gate of source 
impedance, for each channel(element) 
Vmax = (Zcmax./(Zo+Zcmax)).*Vth; %find voltage acro ss load 
Smax = (abs(Vmax).^2)./(conj(Zcmax)); %calculate ma x. possible 
complex power that can be delivered to each element  
Pmax = real(Smax); %max. real power that can be del ivered to each 
element 
MaxPowAvg = mean(Pmax) %display the average of the max. real 
power that can be delivered to each element 
 
%find power transfer into water-coupled transducer elements (at 
operating freq., NO matching network): 
Zcunmtch = wzCmplx(foInd,:); %set load to be the el ement 
impedance at operating freq., for each channel(elem ent) 
Vunmtch = (Zcunmtch./(Zo+Zcunmtch)).*Vth; %find vol tage across 
load 
Sunmtch = (abs(Vunmtch).^2)./(conj(Zcunmtch)); %cal culate complex 
power delivered to each element w/o matching networ k 
Punmtch = real(Sunmtch); %real power delivered to e ach element 
w/o matching network 
UnmtchPowAvg = mean(Punmtch) %display the average o f the real 
power delivered to each element w/o matching networ k 
 
%plot max. real power that can be delivered and rea l power 
delivered w/o matching network: 
figure; subplot(2,1,1); plot(Pmax,'bo'); hold on; 
plot(Punmtch,'rx'); legend('Maximum Possible','Thru  Unmatched 
Elements',0); axis([0,2,0,40]); set(gca,'YMinorGrid ','on'); 
stem(Pmax,'bo'); stem(Punmtch,'rx'); xlabel('Elemen t #'); 
ylabel('Watts'); title('Output Power Transferred at  f_0, No 
Matching Network'); hold off; 
%display the percentage of max. power we're using: 
PowRatioUnmtch = Punmtch./Pmax 
subplot(2,1,2); bar(100.*PowRatioUnmtch,'k'); xlabe l('Element 
#'); ylabel('%');  
axis([0,2,0,100]); title('Percentage of Max. Power Transferred at 
f_0, No Matching Network'); set(gca,'YMinorGrid','o n'); 
 
 
%Begin calculating ideal matching network (for spec ified 
operating freq.) components necessary for each chan nel: 
for E = 1:size(wzCmplx,2) %for each element... 
    RL = real(wzCmplx(foInd,E)); %element resistanc e at fo 
    XL = imag(wzCmplx(foInd,E)); %element reactance  at fo 
    Ro = real(OnCmplx(foInd,E)); %source resistance  at fo 
    Xo = imag(OnCmplx(foInd,E)); %source reactance at fo 
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    ZL = wzCmplx(foInd,E); %load impedance (complex , at fo) for 
each channel 
     
%*Note: only one of the following 4 schemes will be  used. (the 
relationship 
%between the source and load resistances will gener ally hold for 
every 
%channel, and of the two solutions for whichever ca se, by 
inspection only 
%one will have both Xp be only capacitive and Xs be  only 
inductive) 
%Therefore, 3 sets of Xs, Xp, and Zin_fo must be co mmented out.  
     
    %use expressions for analytical solutions, obta ined from 
Mathematica: 
    if (Ro > RL) 
        rad = sqrt( RL*Ro*(-RL*Ro + Ro^2 + Xo^2) );  
         
        Xs1(E) = -XL + (rad/Ro); 
        Xp1(E) = (rad - RL*Xo)/(RL-Ro); 
         
        Zin1fo(E) = ((ZL + i*Xs1(E))*i*Xp1(E))/((ZL  + 
i*Xs1(E))+i*Xp1(E)); %Zin sees C parallel first, th en L in series 
w/Load 
         
        Xs2(E) = -((Ro*XL + rad)/Ro); 
        Xp2(E) = -((RL*Xo + rad)/(RL-Ro)); 
         
        Zin2fo(E) = ((ZL + i*Xs2(E))*i*Xp2(E))/((ZL  + 
i*Xs2(E))+i*Xp2(E)); %Zin sees C parallel first, th en L in series 
w/Load 
    end 
     
    if (Ro < RL) 
        rad = sqrt( RL*Ro*(-RL*Ro + RL^2 + XL^2) );  
         
        Xs3(E) = -Xo + (rad/RL); 
        Xp3(E) = (Ro*XL - rad)/(RL-Ro); 
         
        Zin3fo(E) = ((ZL*i*Xp3(E))/(ZL+i*Xp3(E))) +  i*Xs3(E); 
%Zin sees series L first, then C parallel w/Load 
         
        Xs4(E) = -((RL*Xo + rad)/RL); 
        Xp4(E) = (Ro*XL + rad)/(RL-Ro); 
         
        Zin4fo(E) = ((ZL*i*Xp4(E))/(ZL+i*Xp4(E))) +  i*Xs4(E); 
%Zin sees series L first, then C parallel w/Load 
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    end 
     
    %Note: need to check values of Xp & Xs for 1-4 to be sure all 
are 
    %inductive(+) or capacitive(-), then determine which scheme 
to use to 
    %calculate L & C values 
     
    %calculate necessary circuit component values f or each 
element: 
    Lseries(E) = Xs3(E)/w(foInd);       % X = wL     --> L = X/w 
    Cshunt(E) = -1/(Xp3(E)*w(foInd));   % X = 1/(wC ) --> C = 
1/(wX) 
     
    %**CHECK**calculate Zin over the full frequency  range, using 
the calculated L & C components for each channel: 
    for k = 1:length(w) 
        ZL = wzCmplx(k,E); 
        jXs = i*w(k)*Lseries(E); 
        jXp = 1/(i*w(k)*Cshunt(E)); 
        Zin(k,E) = jXs + ((jXp*ZL)/(jXp+ZL)); %seri es L first, 
then C parallel w/Load (used when Ro < RL) 
%         Zin(k,E) = ((jXs+ZL)*jXp)/((jXs+ZL)+jXp);  %C parallel 
first, then series L w/Load (used when Ro > RL) 
    end 
%     E 
end 
 
%find max. power transfer for given channels(at ope rating freq., 
with ideal matching network): 
Zcmtch = Zin(foInd,:); %look at transformed load im pedance, at 
the operating freq., for each channel 
Vmtch = (Zcmtch./(Zo+Zcmtch)).*Vth; %find voltage a cross 
transformed load 
Smtch = (abs(Vmtch).^2)./(conj(Zcmtch)); %calculate  complex power 
that can be delivered to each element now w/matchin g network 
Pmtch = real(Smtch); %real power that can be delive red to each 
element now w/matching network 
IdealMtchPowAvg = mean(Pmtch) %display the average of the real 
power delivered to each element w/ideal matching ne twork 
figure; subplot(2,1,1); plot(Pmax,'bo'); hold on; 
plot(Pmtch,'rx'); legend('Maximum Possible','Thru M atched 
Elements',0);  
stem(Pmax,'bo'); stem(Pmtch,'rx'); xlabel('Element #'); 
ylabel('Watts'); title('Output Power Transferred at  f_0, With 
Ideal Matching Network'); hold off; axis([0,2,0,40] ); 
set(gca,'YMinorGrid','on'); 
%display the percentage of max. power we're using: 
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PowRatioMtch = Pmtch./Pmax; 
 
PowIncrease = (Pmtch - Punmtch)./Punmtch; 
AvgPowIncreasePercent_Ideal = mean(PowIncrease)*100  %display 
average real power increase factor for ideal MN 
subplot(2,1,2); bar(100.*PowIncrease,'g'); xlabel(' Element #'); 
ylabel('%'); title('Percent Increase in Power at f_ 0 by using 
Ideal Matching Network'); set(gca,'YMinorGrid','on' ); 
axis([0,2,0,200]); 
 
Zinmag = abs(Zin); 
Zinphs = angle(Zin)*(180/pi); 
 
%graphically show the values of series inductance a nd shunt 
capacitance needed for each channel's ideal matchin g network: 
figure; 
subplot(2,1,1); stem(Lseries*1e6); ylabel('Series I nductance 
(\muH)'); xlabel('Element #'); title('Ideal Matchin g Network 
Components'); set(gca,'YMinorGrid','on'); 
subplot(2,1,2); stem(Cshunt*1e12); ylabel('Shunt Ca pacitance 
(pF)'); xlabel('Element #'); set(gca,'YMinorGrid',' on'); 
 
Lseries %display ideal inductance value(s) 
Cshunt  %display ideal capacitance value(s) 
 
% return 
 
%***Now look for the best MN we can make IN REAL LI FE (using no 
more than 2 inductors and 3 capacitors): 
 
%Based on using 2 inductors to achieve the values c losest to 
Lseries, "real-world" L becomes (must enter these b y hand): 
Lrw = [ 7.7 ].*1e-6; %(go from uH values to H) 
 
%By connecting (no more than 3) capacitors of 22, 3 3, 47, 68, 82, 
100, 150, and 390 pF in parallel, can get shunt cap acitances of: 
Cposs = 
[022,033,044,047,055,068,080,082,090,094,100,104,11 5,122,133,136,
141,144,147,150,158,162,168,172,183,190,194,197,200 ,204,215,218,2
22,232,236,247,250,265,268,272,282,300,318,333,347, 368,382,390,40
0,412,423,437,450,458,472,490,512,523,540,558,572,5 90,608,622,640
,690,780,802,813,827].*1e-12; 
 
Zo = OnCmplx(foInd,:); %set source impedance at ope rating freq. 
 
%find which real-world capacitance, paired with the  given real-
world inductance in the MN, will help transfer the most real 
power to the load: 
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for E = 1:size(wzCmplx,2) %for each element... 
    %create a 'ZinTmp' array, of input impedance fo r each 
possible MN capacitance, over all frequencies 
    for k = 1:length(w) %over all frequencies... 
        ZL = wzCmplx(k,E); 
        jXs = i*w(k)*Lrw(E); %set series inductor g ives series 
reactance 
        for C = 1:length(Cposs) %**CHECK** 
            jXp = 1/(i*w(k)*Cposs(C)); 
            ZinTmp(k,C) = jXs + ((jXp*ZL)/(jXp+ZL)) ; %series L 
first, then C parallel w/Load (used when Ro < RL) 
%             ZinTmp(k,C) = ((jXs+ZL)*jXp)/((jXs+ZL )+jXp); %C 
parallel first, then series L w/Load (used when Ro > RL) 
        end 
    end 
    ZcTmp = ZinTmp(foInd,:); %makes vector of 'tran sformed load 
impedance as a function of possible capacitance val ues' 
    Vmtch = (ZcTmp./(Zo(E)+ZcTmp)).*Vth; %voltage ( function of 
possible capacitance values) 
    Smtch = (abs(Vmtch).^2)./(conj(ZcTmp)); %comple x power 
transferred ( " ) 
    Pmtch = real(Smtch); %real power transferred ( " ) 
    [dummy,PowInd] = max(Pmtch); %***determine whic h capacitance 
results in maximum real power transferred to the lo ad 
    Cind(E) = PowInd; 
    C4elem(E) = Cposs(Cind(E)); %vector of best cap acitance to 
use for each channel 
    %**CHECK**(now calculate Zin over the full freq uency range, 
using the real-world L & C components for each chan nel) 
    for k = 1:length(w) 
        ZL = wzCmplx(k,E); 
        jXs = i*w(k)*Lrw(E); 
        jXp = 1/(i*w(k)*C4elem(E)); 
        Zin(k,E) = jXs + ((jXp*ZL)/(jXp+ZL)); %seri es L first, 
then C parallel w/Load (used when Ro < RL) 
%         Zin(k,E) = ((jXs+ZL)*jXp)/((jXs+ZL)+jXp);  %C parallel 
first, then series L w/Load (used when Ro > RL) 
    end 
end 
figure; plot(Cposs,Pmtch); grid on; xlabel('Possibl e 
Capacitance'); ylabel('Power Delivered'); 
% return 
 
%find max. power transfer for given channels(at ope rating freq., 
with real-world matching network): 
Zc = Zin(foInd,:); %look at transformed load impeda nce, at the 
operating freq., for each channel 
Vmtch = (Zc./(Zo+Zc)).*Vth; %find voltage across tr ansformed load 
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Smtch = (abs(Vmtch).^2)./(conj(Zc)); %calculate com plex power 
that can be delivered to each element now w/matchin g network 
Pmtch = real(Smtch); %real power that can be delive red to each 
element now w/matching network 
RealWorldMtchPowAvg = mean(Pmtch) %display the aver age of the 
real power delivered to each element w/real-world m atching 
network 
figure; subplot(2,1,1); plot(Pmax,'bo'); hold on; 
plot(Pmtch,'rx'); legend('Maximum Possible','Thru M atched 
Elements',4);  
stem(Pmax,'bo'); stem(Pmtch,'rx'); xlabel('Element #'); 
ylabel('Watts'); title('Output Power Transferred at  f_0, With 
Real-World Matching Network'); hold off; axis([0,2, 0,40]); 
set(gca,'YMinorGrid','on'); 
%display the percentage of max. power we're using: 
PowRatioMtch = Pmtch./Pmax 
subplot(2,1,2); bar(100.*PowRatioMtch); xlabel('Ele ment #'); 
ylabel('%'); title('Percentage of Max. Power Transf erred at f_0, 
With Real-World Matching Network'); set(gca,'YMinor Grid','on'); 
axis([0,2,0,100]); 
 
PowIncrease = (Pmtch - Punmtch)./Punmtch; 
AvgPowIncreasePercent_Real = mean(PowIncrease)*100 %display 
average real power increase factor for real-world M N 
 
Zinmag = abs(Zin); 
Zinphs = angle(Zin)*(180/pi); 
 
%graphically show the values of series inductance a nd shunt 
capacitance needed for each channel's real-world ma tching 
network: 
figure; 
subplot(2,1,1); stem(Lseries*1e6); ylabel('Series I nductance 
(\muH)'); xlabel('Element #'); title('Real-World Ma tching Network 
Components'); set(gca,'YMinorGrid','on'); 
subplot(2,1,2); stem(Cshunt*1e12); ylabel('Shunt Ca pacitance 
(pF)'); xlabel('Element #'); set(gca,'YMinorGrid',' on');  
 
Lrw    %display real-world inductance value(s) 
C4elem %display real-world capacitance value(s) 

�

��

�
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Appendix C: Acoustic Power & Thermal Modeling Code 
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7LongWoLoF.m9�

%Determination of total ultrasonic hydrophone-measu red power, by 
% replicating and scaling the peak voltage trace by  a normalized, 
% Field II-generated beamplot of a constant depth 
 
% First, Field simulation (4-cycle pulse) of propos ed modified 
Boston Scientific 
%   Largest element feasible for 3Fr IVUS catheter- -0.22mm-thick 
PZT-4. 
% ***5mm x 0.5mm element***  ***Driven at 3.6MHz***  
clear all; field 
centerFrequency = 3.6e6; %center freq. (Hz) 
foMHz = centerFrequency/(1e6) 
c = 1540; %speed of sound (m/s) 
lambda = c/centerFrequency %wavelength (m) 
LinearEleHigh = .0005; %linear-array element height  (m) 
EleWide = 0.005; %element width (m) 
FocDep = .15 %focal depth (m) 
Foc = [0,0,FocDep]; 
D = .005 
Fnum = FocDep/D; 
LamZovD_LinAz = (lambda*FocDep)/D; 
LinAzFWHMdeg = atan(LamZovD_LinAz/FocDep)*(180/pi);  
NearFarTransDist = (D^2)/(4*lambda) 
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fractionalBandwidth = .25; %fractional bandwidth 
samplingFrequency = 40*centerFrequency; 
set_field('fs',samplingFrequency); 
set_field('c',c); 
 
NsubdivX = 200;   %10;  
NsubdivY = 20;   %10; 
TA = 
xdc_linear_array(1,EleWide,LinearEleHigh,0,NsubdivX ,NsubdivY,Foc)
; 
data=xdc_get(TA,'rect'); 
figure; subplot(3,1,1); show_xdc(TA);  view([0,90]) ; 
 
tc = gauspuls('cutoff',centerFrequency,fractionalBa ndwidth,-6,-
40); 
t = -tc:1/samplingFrequency:tc; 
impulseResponse = 
gauspuls(t,centerFrequency,fractionalBandwidth,-6);  
subplot(3,1,2); plot(t,impulseResponse); title('Imp ulse 
Response'); xlabel('t'); ylabel('Amplitude'); grid on; 
xdc_impulse(TA,impulseResponse); %sets impulse resp onse 
 
ncyc=4;  numcyc = ncyc; 
texcite=0:1/samplingFrequency:ncyc/centerFrequency;  
excitationPulse=sin(2*pi*centerFrequency*texcite); 
subplot(3,1,3); plot(texcite,excitationPulse); titl e('Excitation 
Pulse'); xlabel('t'); ylabel('Voltage'); grid on; 
xdc_excitation(TA,excitationPulse); %sets excitatio n pulse 
 
alpha = 0.0; %0.5; %acoustic attenuation in dB/cm/M Hz 
Freq_att=alpha*100/1e6; %modified to dB/m/Hz for fi eld II 
att_f0=centerFrequency; 
att=Freq_att*att_f0;  
set_field ('att',att); 
set_field ('Freq_att',Freq_att); 
set_field ('att_f0',att_f0); 
set_field ('use_att',1); 
disp('field set.'); 
 
voxelsize = 0.1; %point separation in mm 
Volx = [-4.0:voxelsize:4.0]/1000;       lx=length(V olx); 
Voly = [-4.0:voxelsize:4.0]/1000;       ly=length(V oly); 
Volz = [0.1:voxelsize:8.1]/1000;       lz=length(Vo lz); 
for j = 1:ly 
    for k = 1:lz    %calculate axial/elevation slic e (x=0) 
        [PressFld, PrT] = calc_hp(TA, 
[Volx(ceil(lx/2)),Voly(j),Volz(k)]); 
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        PresRMSta(ceil(lx/2),j,k) = 
sqrt((sum(PressFld.*PressFld))/length(PressFld)); 
    end 
end 
for i = 1:lx 
    for j = 1:ly    %calculate azimuth/elevation sl ice (z=4.0mm) 
        [PressFld, PrT] = calc_hp(TA, 
[Volx(i),Voly(j),Volz(ceil(lz/2)-1)]); 
        PresRMSta(i,j,ceil(lz/2)-1) = 
sqrt((sum(PressFld.*PressFld))/length(PressFld)); 
    end 
    for k = 1:lz    %calculate axial/azimuth slice (y=0) 
        [PressFld, PrT] = calc_hp(TA, 
[Volx(i),Voly(ceil(ly/2)),Volz(k)]); 
        PresRMSta(i,ceil(ly/2),k) = 
sqrt((sum(PressFld.*PressFld))/length(PressFld)); 
    end 
%      i 
end 
disp('rectangular coordinates calculation complete' ); 
 
PresRMSta_max=max(max(max(PresRMSta))); 
rel_amptarec=20*log10(PresRMSta/PresRMSta_max); 
disp('0.0dB/cm/MHz attenuation simulation complete. '); 
MeasDepth = Volz(ceil(lz/2)-1) 
 
%(2D rectangular beamplot displays) 
figure; subplot(1,2,1); 
surf(Volx,Volz,transpose(squeeze(rel_amptarec(:,cei l(ly/2),:))).*
5e-4); axis image; view([0 90]); 
title('Beamplot,\alpha=0.0 (y=0)'); xlabel('x (m)') ; ylabel('z 
(m)'); 
[cmin cmax] = caxis;  colorbar; 
 
subplot(1,2,2); %figure 
surf(Voly,Volz,transpose(squeeze(rel_amptarec(ceil( lx/2),:,:))).*
5e-4); axis image; view([0 90]); 
title('Beamplot,\alpha=0.0 (x=0)'); xlabel('y (m)') ; ylabel('z 
(m)'); 
caxis([cmin cmax]);  colorbar; 
 
HydPlnMtrx = squeeze(PresRMSta(:,:,ceil(lz/2)-1)); 
HydPlnMtrxNorm = HydPlnMtrx./max(max(HydPlnMtrx)); 
figure; surf(Volx,Voly,HydPlnMtrxNorm*1e-2); axis([ -.004 .004 -
.004 .004 0 .01]); %image;  
title('Normalized Beamplot,\alpha=0.0 (z=4mm)'); xl abel('x (m)'); 
ylabel('y (m)'); caxis([0 .01]); colorbar; 
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%Threshold to find points falling within FWHM 
NdataPts = 0; 
for i = 1:lx 
    for j = 1:ly 
        if HydPlnMtrxNorm(i,j) < 0.5 
            HyPlMxNormThresh(i,j) = 0; 
        else 
            HyPlMxNormThresh(i,j) = HydPlnMtrxNorm( i,j); 
            NdataPts = NdataPts+1; 
        end 
    end 
end 
figure; surf(Volx,Voly,HyPlMxNormThresh*1e-2); axis ([-.004 .004 -
.004 .004 0 .01]); colorbar; %image; 
 
%Load voltage trace, convert to pressure 
load le_4cyc250VloF.osc 
Raw = le_4cyc250VloF; 
Time = Raw(:,1);    t = Time; 
Voltage = Raw(:,2); v = Voltage; 
 
% Calculate initial variables 
L = length(t); % # of sample points 
T = t(2)-t(1); %time period btw samples (sec) 
Fs = 1/T 
 
foMHz = 3.6;   centerfreq = foMHz*1e6; 
calib = load('SmithSonicTechData.txt'); %Load calib ration data 
for hydrophone 
pos = round((centerfreq-calib(1))/47500) + 1; %row index of 
centerfrequency in calib table 
 
AcqWindow = v;  AcqWindow = AcqWindow-mean(AcqWindo w); 
SampFreq = Fs; 
dt = 1/SampFreq; %find time step btw samples 
AcqWindow(:,2) = AcqWindow; %.*ScaleFactor; 
AcqWindow(:,1)=[1:size(AcqWindow,1)]'.*dt; % [time, voltage] array 
created 
%Calculate pressure vector, add to array: 
AcqWindow(:,3) = AcqWindow(:,2)./calib(pos,3); 
 
P = AcqWindow(:,3); 
 
Zwater = 1.494e6; %acoustic impedance of water, kg/ (m^2 s) 
BurstT = 0.01; %seconds (100Hz PRF) 
 
%Ispta calculation: integrate squared pressure vect or (actually 
over time), divide by Z of 
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% medium, factor of 1/10000 converts from W/m^2 to W/cm^2, divide 
by # samples to get time avg. 
WindowIspta = sum((P.^2)/Zwater)/10000/L; 
TrueIspta = (sum((P.^2)/Zwater)/10000/L)*( (t(end)- t(1))/BurstT 
); 
 
PtArea = (voxelsize^2)/100; %cm^2 
 
IntensProf = HydPlnMtrxNorm.*TrueIspta; 
IntensProfThresh = HyPlMxNormThresh.*TrueIspta; 
 
FullAreaCm2 = PtArea*(size(IntensProf,1)*size(Inten sProf,2)) 
WoFull = sum(sum(IntensProf)).*(PtArea) 
ExtrapWoFull = WoFull*(BurstT/(numcyc/centerfreq)) 
 
ThreshAreaCm2 = PtArea*(NdataPts) 
WoThresh = sum(sum(IntensProfThresh)).*(PtArea) 
ExtrapWoThresh = WoThresh*(BurstT/(numcyc/centerfre q)) 
 
�

7ThoModel5x0p5LoF.m 9�

%Use of Kai Thomenius' thermal modeling, from 1990 paper in IEEE 
% Ultrasonics Symposium proceedings, for IVUS cathe ter element. 
% ***more accurate detail in NCRP Report No. 113, p p. 78-83, 204-
209 
 
clear all; 
 
d0 = 5.0; %transducer diameter, mm 
f0 = 3.6e6; %center frequency, Hz 
c = 1.5e6; %speed of sound, mm/sec 
lambda = c/f0; %wavelength, mm 
% roc = 100; %transducer radius of curvature, mm 
alpha = 0.0576; %absorption coeff., Np/cm/MHz   
alpha = alpha*(f0/1e6); %absorption coeff., Np/cm ( at particular 
freq.) 
L = 3.9; %perfusion length, mm 
K = 0.00535; %thermal conductivity, W/cm/K 
 
T = (d0^2)/(4*lambda); %near/far transition distanc e 
DivAng = asin(1.22*lambda/d0)*(180/pi); 
 
Zdep = 40; 
dz = 0.05; 
z = [0:dz:Zdep]; %axial distance from transducer, m m 
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% if (0) 
warning off MATLAB:divideByZero 
psi = ( pi*(d0^2) )./( 8*lambda.*z ); 
for i = 1:length(z) 
    if psi(i) > 2.56 
        d(i) = d0; 
        trans_ind = i; 
    else 
        d(i) = ( 0.55*d0 )./( sin(psi(i)) ); 
    end 
end 
d1 = d; 
 
d0 = 0.5; %transducer diameter, mm 
T = (d0^2)/(4*lambda); %near/far transition distanc e 
DivAng = asin(1.22*lambda/d0)*(180/pi); 
 
psi = ( pi*(d0^2) )./( 8*lambda.*z ); 
for i = 1:length(z) 
    if psi(i) > 2.56 
        d(i) = d0; 
        trans_ind = i; 
    else 
        d(i) = ( 0.55*d0 )./( sin(psi(i)) ); 
    end 
end 
d2 = d; 
 
BeamArea = (d1.*d2)./100; %cm^2 
Dmock = sqrt(BeamArea).*10; %mm 
 
figure; 
subplot(4,1,1); plot(z,d1); hold on; plot(z,d2); gr id on; hold 
off; xlabel('z, mm'); ylabel('r, mm'); axis image; title('Beam 
radius'); 
subplot(4,1,2); plot(z,BeamArea); grid on; xlabel(' z, mm'); 
ylabel('A, cm^2'); 
 
W0 = 0.8; %acoustic power output, Watts 
W = W0*exp(-2*alpha.*z./10); 
 
Isata = W./(BeamArea); 
subplot(4,1,3); plot(z,Isata); grid on; xlabel('z, mm'); 
ylabel('Isata, W/cm^2'); 
 
dz = z(2)-z(1); 
for i = 1:length(z); 
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    z_obs = z(i); %observer point along the axis (m m) 
    Zeta = abs(z_obs - z); %(mm)    
    r1 = sqrt( (Dmock./2).^2 + Zeta.^2 ); %(mm)    
    F = ( exp(-2*alpha.*z./10).*(exp(-Zeta./L)-exp( -r1./L)) )./( 
BeamArea ); %(1/cm^2) 
    delT(i) = ((alpha*(L/10)*W0)./(K))*sum(F)*(dz/1 0); %(degrees 
C) 
end 
 
subplot(4,1,4); plot(z,delT); grid on; xlabel('z, m m'); 
ylabel('\DeltaT, \circC'); %axis([0 125 0 0.5]); 
 
[DTpk,DepInd] = max(delT); 
PkDep = z(DepInd); 
NormT = delT./DTpk; %max(delT); 
for j = 1:length(z) 
    n = length(z)+1-j; 
    if NormT(n) < 0.5 
        FourDegZ = z(n); 
    else 
        break; 
    end 
end 
FourDegZ 
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Appendix D: Digital Filter Code 
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Wn = [8.5 10.0]./25; %pass band from 8.5 to 10 MHz,  25 = half of 
50-MHz sampling rate 
B = fir1(20,Wn,'bandpass');  
...  
filtdata = filter(B,1,tempdata); ��
�
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