
   
1 

 

 

 

ULTRASOUND CURRENT SOURCE DENSITY IMAGING IN LIVE RABBIT 

HEARTS USING CLINICAL INTRACARDIAC CATHETER 

 

by 

Qian Li 

 

__________________________ 

 

 

A Dissertation Submitted to the Faculty of the 

COLLEGE OF OPTICAL SCIENCES 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

 

2015 

  



 2 

As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by Qian Li, titled Ultrasound Current Source Density Imaging in Live Rabbit 
Hearts Using Clinical Intracardiac Catheter and recommend that it be accepted as 
fulfilling the dissertation requirement for the Degree of Doctor of Philosophy. 

 

_______________________________________________________________________ Date: (  04/24/2015      ) 

Russell Witte, Dissertation Director  
   
_______________________________________________________________________ Date: (  04/24/2015      ) 

Hao Xin   
  
_______________________________________________________________________ Date: (  04/24/2015      ) 

Lars Furenlid    
 

    

Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   

I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 

 

 

________________________________________________ Date: (  04/24/2015      ) 
Dissertation Director:  Russell Witte    
  



 3 

 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of the requirements for 

an advanced degree at the University of Arizona and is deposited in the University 

Library to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 

provided that an accurate acknowledgement of the source is made.  Requests for 

permission for extended quotation from or reproduction of this manuscript in whole or in 

part may be granted by the head of the major department or the Dean of the Graduate 

College when in his or her judgment the proposed use of the material is in the interests of 

scholarship. In all other instances, however, permission must be obtained from the author. 

 

 

 

 

SIGNED: Qian Li 

 

 



 4 

ACKNOWLEDGEMENTS 

I am grateful for a lot of people that have accompanied, supported and encouraged me 

through the journey to this final step in my graduate school years. 

I would like to start by thanking my parents for their unconditional love and support, for 

teaching me how to face difficulties and how to stick on. I would also like to thank my 

husband for his love and support. 

I would like to thank my adviser Dr. Russell Witte for his great support, encouragement 

and patience, for believing in me, keeping me motivated and giving me invaluable 

advices. I would also like to thank my dissertation committee members Dr. Hao Xin and 

Dr. Lars Furenlid for their help and support. I would like to thank Dr. Talal Moukabary 

for his input for my dissertation. 

I would like to thank Dr. Zhonglin Liu for his consultation, hands-on demonstration and 

help for setting up our own Langendorff system. I would also like to thank Christy Barber 

for helping me with each rabbit experiment. I would like to thank Dr. Terry Matsunaga 

for his help with our experiments. 

I would also like to thank the National Institute of Health and the Technology and 

Research Initiative Funding at University of Arizona for their financial support. 

Last but not least, I would like to thank my (current and former) labmates at 

Experimental Ultrasound and Neural Imaging Laboratory: Ragnar Olafsson, Pier Ingram, 

Zhaohui Wang, Daniel Bauer, Leonardo Montilla, Liang Gao and Yexian Qin. Not only 



 5 

they have provided me with technical help for my research throughout the years, their 

friendship also means a great deal to me.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 6 

 

 

 

 

 

DEDICATION 

 

献给我的爸爸妈妈和我的爱人 

 

 

 

 

 

 

 

 



 7 

TABLE OF CONTENTS 

LIST OF FIGURES .......................................................................................................... 10	  

LIST OF TABLES ............................................................................................................ 17	  

ABSTRACT ...................................................................................................................... 18	  

CHAPTER 1 INTRODUCTION ...................................................................................... 21	  

1.1 CARDIAC ARRYTHMIAS AND THEIR CURRENT TREATMENT IN THE 

CLINIC ......................................................................................................................... 21	  

1.2 PRE-ABLATION CARDIAC MAPPING ............................................................. 25	  

1.3 ULTRASOUND CURRENT SOURCE DENSITY IMAGING ............................ 27	  

1.3.1 Acoustoelectric Effect ...................................................................................... 27	  

1.3.2 UCSDI Based on AE Effect ............................................................................. 30 

1.4 MEASUREMENTS OF INTERACTION CONSTANT K .................................... 33	  

1.5 OPTIMIZING UCSDI SENSITIVITY ................................................................... 34	  

1.6 UCSDI WITH CLINICAL INTRACARDIAC CATHETERS IN LIVE RABBIT 

HEART ......................................................................................................................... 36	  

1.7 UCSDI CURRENT FIELD RECONSTRUCTION ................................................ 36	  

CHAPTER 2 MEASURING THE ACOUSTOELECTRIC INTERACTION CONSTANT

 ........................................................................................................................................... 38	  

2.1 INTRODUCTION .................................................................................................. 38	  

2.2 METHODS AND MATERIALS ............................................................................ 39	  

2.2.1 Theory for Measuring K .................................................................................. 39	  

2.2.2    Chamber for Measuring K in Electrolytes and Biological Tissue ................ 41	  



 8 

2.2.3	   Imaging System and Apparatus for Measuring AE Interaction Constant ..... 41	  

2.2.4	   Signal Processing and Data Analysis ............................................................ 44	  

2.2.5	   Animal Preparation and Materials ................................................................ 44	  

2.3 RESULTS OF K MEASUREMENT ...................................................................... 47	  

2.3.1	   K in Electrolytes ........................................................................................... 47	  

2.3.2	   K in Cardiac Tissue ....................................................................................... 52	  

2.4 DISCUSSION ......................................................................................................... 57	  

CHAPTER 3 OPTIMIZING PARAMETERS FOR UCSDI SENSITIVITY .................. 59	  

3.1 INTRODUCTION .................................................................................................. 59	  

3.2 UCSDI SENSITIVITY ........................................................................................... 59	  

3.2.1 Methods for Quantifying UCSDI Sensitivity .................................................. 60	  

3.2.2 Results of UCSDI Sensitivity Measurement .................................................... 65	  

3.3 OPTIMIZING ULTRASOUND PARAMETERS FOR UCSDI ............................ 70	  

3.3.1 UCSDI Simulation Methods ............................................................................ 71	  

3.3.2 Simulation Results ........................................................................................... 78	  

3.4 DISCUSSION ......................................................................................................... 84	  

CHAPTER 4 UCSDI IN LIVE RABBIT HEARTS ......................................................... 86	  

4.1 INTRODUCTION .................................................................................................. 86	  

4.2 METHODS AND INSTRUMENTATION ............................................................ 86	  

4.2.1 Langendorff Isolated Rabbit Heart .................................................................. 87	  

4.2.2 Experimental Setup .......................................................................................... 88	  

    4.2.3 Data Acquisition .............................................................................................. 91	  



 9 

4.2.4 Signal Processing ............................................................................................. 95	  

4.2.5 Multichannel UCSDI ....................................................................................... 97	  

4.2.6 Reconstruction Based on UCSDI ................................................................... 101	  

4.3 RESULTS ............................................................................................................. 103	  

4.3.1 UCSDI: Intramuscular Recording .................................................................. 103	  

4.3.2 UCSDI: Epicardial Recording ....................................................................... 105	  

4.3.3 Cardiac Activation Mapping using UCSDI and the Clinical Cardiac Catheter

 ................................................................................................................................. 108	  

4.3.4 UCSDI Multichannel Recording .................................................................... 114	  

4.3.5 Multichannel Reconstruction Based on UCSDI ............................................ 116 

4.4 DISCUSSION ....................................................................................................... 119	  

4.5 CONCLUSION ..................................................................................................... 122	  

CHAPTER 5 CONCLUSIONS AND FUTURE WORK ............................................... 123	  

APPENDIX A – Ingredient list for Kreb-Henseleit buffer solution ............................... 125	  

APPENDIX B – Langendorff constant flow system ...................................................... 126	  

APPENDIX C  – Procedure to obtain rabbit hearts ........................................................ 129 

REFERENCE .................................................................................................................. 131	  

 

 

 



 10 

 

LIST OF FIGURES 

Figure 1. Diagram of the activation sequence in human heart. Numbers marked on the left 
side of the image shows the timing of the activation in ms. Right side displays the 
intracellular activation waveform of different regions. Scale of the timing is marked with 
a 200 ms bar. ..................................................................................................................... 22	  
Figure 2. Schematic of the radiofrequency ablation procedure. An intracardiac catheter is 
advanced through the aorta into the heart near the damaged heart muscle, the origin of the 
arrhythmia. The catheter then creates an ablation line using radiofrequency heating to 
isolate the damaged area from the surrounding healthy heart tissue. ............................... 25	  
Figure 3. Illustration of the key physical components affecting UCSDI. Assume the 
ultrasound focus, recording electrode leads and the biological current are all on the same 
plane, Z = 0, inside a volume conductor. Biological current density is JI. One pair of leads 
measures the injected voltage (low frequency) and the induced AE voltage (high 
frequency). V denotes a voltage detector. The beam pattern is b(x-‐x1, y-‐y1, z) with the 
coordinate of the ultrasound focus (center of the ultrasound beam profile in Z = 0 plane) 
being (x1, y1, 0). ............................................................................................................... 33	  
Figure 4. Generation and detection of AE signal for calculating K. Transducer sends 
pulsed ultrasound to a rectangular-shaped material at a distance of one focal length. The 
width and height of the material are w and h respectively. r is the beam radius measured 
at the focus using a calibrated hydrophone. The ultrasound pulse was taken to have a 
rectangular shape in Z direction, where the pressure amplitude is ΔP at the focal zone 
with a duration τ and zero everywhere else. c is the velocity of sound in water; so τ·c 
determines the length of the focal zone in the Z direction. ρ0 is the resistivity of the 
material and Δρ the ultrasound induced resistivity change of the material. A function 
generator with certain output voltage injects current with density J through the material 
with stimulating electrodes S1 and S2. R1 and R2 are the recording electrodes, which 
detect the AE signal. ......................................................................................................... 40	  
Figure 5. Top: the X-Z cross-section view of the initial design of the chamber (left) and 
actual photograph (right). The chamber has three compartments that are electrically 
coupled: two side compartments for electrolyte and a middle compartment containing a 
tunnel for placement of the samples. Bottom: Instrumentation for measuring K. T/R: 
ultrasound pulser/receiver, which was pulsed in synchrony with the function generator. 
HPF: high pass filter. LPF: low pass filter. LF: low frequency. HF: high frequency. ...... 44	  
Figure 6. Photographs showing the extraction of the rabbit heart tissue. A rabbit heart is 
separated into 2 pieces A and B using a scalpel. A is from the right ventricle and B is 
from the left ventricle and the septum. B is further separated into 2 pieces C and D. C is 
from the left ventricle and D from the septum. C is then further cut to E and finally to F 
to extract a piece of tissue that is relatively uniform in texture. ....................................... 46	  



 11 

Figure 7. AE signals and UCSDI images from 0.9% NaCl at different current levels. Left: 
traces of AE signal associated with the position marked by white dashed-line on the right. 
Right: UCSDI images of the tunnel filled with 0.9% NaCl at current levels of 6, 4 and 2 
mA. Arrow “a” points to the solution-membrane-interface, “b” the solution-air interface 
and “c” an artifact caused by the reflection of the acoustic wave. Details of the origin of 
“c” are explained in Figure 8. ........................................................................................... 49	  
Figure 8. Diagram explaining the artifact in figure 5 caused by acoustic reflection. Arrow 
1 indicates the propagation direction of the initial ultrasound beam. When beam 1 reaches 
the tissue water interface, the first signal is created (“a” in Figure 7). The ultrasound 
beam (marked as “2”) then continues to propagate and reaches the tissue air interface, 
generating the second signal (“b” in Figure 7). The tissue air interface also causes a 
acoustic reflection which generated beam 3. When beam 3 propagate back to the tissue 
water interface, a third signal was generated (“c” in Figure 7). ....................................... 50	  
Figure 9. Calculation of K in 0.9% NaCl. (a) LF voltage at different current injections is 
plotted to get the slope (2.17 kΩ), which is the LF resistance. (b) At pressure levels of 
140 kPa, 270 kPa, 400 kPa and 530 kPa, AE peak-to-peak amplitude at different current 
injections is plotted to get the slopes, which are 0.9 mΩ, 2.4 mΩ, 3.3 mΩ and 4.2 mΩ, 
respectively. (c) The four AE resistances at each pressure from (b) are linear fitted to get 
ΔR/ΔP. ............................................................................................................................... 51	  
Figure 10. Comparison between NaCl and CuSO4. (a) The same process demonstrated in 
Figure 9 (a), (b) and (c) was repeated for different concentrations of NaCl and CuSO4. 
The ΔR/ΔP values are inserted into equation (3) to get the K values for different 
situations. The linear regression coefficient R2 for K at different concentrations of NaCl 
and CuSO4 were 0.12 and 0.97, respectively. (b) Amplitude of AE signals recorded at 
different concentrations for NaCl and CuSO4. ................................................................. 51	  
Figure 11. Signals and images of a strip of rabbit heart muscle with X axis along the 
direction of the tunnel, Y axis across the tunnel, and Z along the depth direction. (a) First 
and second column: B-mode PE images across and along the tunnel under a peak focal 
pressure of 530 kPa. Arrow “a” points to the tissue-water interface, “b” the tissue body 
and “c” the tissue-air interface. The side of the tunnel is visible in the PE images. The 
third column is the corresponding PE signal marked by the white dashed-line. (b) First 
and second column: hot/cold color UCSDI images across and along the heart muscle 
under pressure of 400 kPa. Arrow “d” points to the tissue-water interface corresponding 
to “a” in the PE image. Arrow “e” denotes the tissue-air interface, which is at the same 
position as “c” in the PE image. Arrow “f” points to the artifact due to the reflection of 
the acoustic wave. The third column represents the corresponding AE signal marked by 
the white dashed-line. ....................................................................................................... 53	  
Figure 12. The power spectrum of the AE (blue solid line) and PE (red dashed-line) 
signal traces demonstrated on the third column of figure 7. Each curve is scaled to its 
maximum magnitude in dB. .............................................................................................. 54	  
Figure 13.  (a) Bar graph of the average AE peak-to-peak amplitude of 7 hearts at 24 ˚C 
compared to the AE peak-to-peak amplitude measured in different concentrations of 
saline. Standard deviation of the values is depicted on top of the bars. (b) Distribution of 



 12 

K at 24 ˚C with respect to resistivity for all 7 hearts (red crosses). Mean and standard 
deviation for the hearts (red X) compared to 0.9% saline (blue X) are also depicted. ..... 55	  
Figure 14.  (a) K measured at 24 ˚C during a 4.5-hour time window following tissue 
extraction. There was no particular trend relative to the mean (0.035 ± 0.0045 %/MPa, 
denoted by red dashed-line). (b) K measured at different temperatures. Red dashed-line 
represents a Gaussian moving average (4 points) through the data. Although there was a 
modest increase and decrease of K within this temperature range, K at room temperature 
(0.041 %/MPa) and body temperature (0.042 %/MPa) were very similar. ...................... 56	  
Figure 15. Photographs of the samples. Top: gel phantom placed inside the imaging 
chamber. A: a 7F intracardiac catheter places in the central axis in the cylindrical gel 
phantom. B: the gel phantom. C: plastic holder to hold the get phantom in place during 
imaging. Bottom: porcine heart tissue placed in the imaging chamber. D: 0.9% NaCl 
saline gel poured into the chamber to hold the tissue in place during imaging. E: porcine 
tissue sample. .................................................................................................................... 62	  
Figure 16. UCSDI System instrumentation for evaluating the effect of recording 
electrodes distance. I represents the function generator. T/R is short for transmit/receive, 
which represents the ultrasound pulsar/receiver. NI denotes the National Instruments data 
acquisition system. HF and LF denote the high frequency and low frequency data 
acquisition boards respectively. CH 1 and 2 on the HF board are PE and AE channel 
respectively. CH 1 and 2 on the LF board are current and voltage channel respectively. 
E1~10 denotes the connecters for electrode 1~10 on the catheter. E11~20 denotes the 
connecters for electrode 11~20 on the catheter. HPF denotes high pass filter. ................ 64	  
Figure 17. PE and UCSDI images of a current monopole in cylindrical gel and 
corresponding radiofrequency signals. Left column: unfiltered AE signal (a) and 
unfiltered PE signal (d). Middle column: band pass filtered AE signal (b) and band pass 
filtered PE signal (e). Red dashed lines delineate the envelopes of the radiofrequency 
signals.  Right column: co-registered hot color UCSDI image (c) of a monopole.and gray 
scale PE image (f) Red dashed-line through the center of the images corresponds to the 
envelope of AE and PE signals in the middle column. Images are displayed in dB scale 66	  
Figure 18.  Effect of current amplitude and the effect of recording electrode distance on 
the sensitivity of UCSDI in cylindrical gel. (a): AE signal magnitude at various current 
levels. Red line is the best-fit line with slope of 4.7 µV/mA and R2 of 0.999. Image of the 
monopole corresponding to each data point is displayed above the data. The inset is the 
enlarged version of the image corresponding to the highest current level. (b): AE signal 
magnitude at various recording distances. Standard deviation of the multiple 
measurements for each data point is displayed as an error bar. Red line is the best-fitted 
line with slope of -3.56 µV/mm and R2 of 0.92. Image of the monopole corresponding to 
each data point is displayed above the point. The inset is the enlarged version of the 
image corresponding to the nearest distance. Images are displayed on a linear scale. ..... 67	  
Figure 19. Images of a monopole injected into fresh porcine heart tissue. (a): photograph 
of the excised porcine heart sample. Arrow 1 denotes the curved surface of the heart. 
Arrow 2 denotes bottom of the gel/heart interface. (b): photograph indicating the 
dimensions of the sample. The arrow points to the electrode that was used to record the 
AE signals from the interaction between the ultrasound and monopole distribution (c): 



 13 

Superimposed UCSDI image (hot) and PE image (gray) of the sample. Arrow 1 points to 
the location corresponding to the arrow 1 in (a). Arrow 2 points to the location 
corresponding to the arrow 2 in (a). Images are displayed in dB scale. ........................... 69	  
Figure 20.  Effect of current amplitude on the sensitivity of UCSDI in porcine heart. Red 
line is the best-fit line with slope of 3.2 µV/mA and R2 being 0.92. Envelope and 
radiofrequency signal corresponding to each data point are displayed above the data. The 
inset represents the enlarged version of the radiofrequency signal corresponding to the 
highest current level. ......................................................................................................... 70	  
Figure 21.  Example of the simulated ultrasound field. Simulated acoustic field of a 1 
MHz single element focused transducer with f/# being 1.8 using Field II™ on the XY 
plane (Z is the direction of the ultrasound propagation). .................................................. 72	  
Figure 22. (a) Rectangular phantom (4 mm X 10 mm X 20 mm) with confined cylindrical 
current (dia = 2 mm). One pair of recording electrodes (green dots) were placed near the 
top surface of the phantom. (b) Top view of the phantom with the locations of the 
recording electrodes. ......................................................................................................... 74	  
Figure 23. Simulated heart model. (a) YZ cross section of the conduction path of the 
simulated heart model. 1 = sinoatrial node, 2 = atria, 3 = atrioventricular node, 4 = bundle 
of His, 5 = bundle branches, 6 = Purkinje fibers, 7 = ventricular myocardium. The 
simulated actional potential propagate from region 1 to region 7 in sequence. (b) A pari 
of recording electrodes placed on the ventricular myocardium. Lead field of the  recirding 
electrodes is generated using COMSOL Multiphysics. .................................................... 77	  
Figure 24. Top: simulated cardiac cycle with two points of interest (atrial depolarization 
and ventricular depolarization respectively) marked. 1 – atrial depolarization. 2 – 
ventricular depolarization. Bottom: timing diagram of the ultrasound pulses. ................. 78	  
Figure 25. Top: the XZ cross section of the rectangular phantoms with confined 
cylindrical current in the middle. The amplitudes of the current density in all five 
phantoms are the same. Bottom: the UCSDI images of the phantoms. ............................ 79	  
Figure 26. Relation between ultrasound frequency and AE signal amplitude. (a): effect of 
the ultrasound center frequency on the AE signal peak amplitude for the 5 phantoms (0.2, 
1, 2, 3 and 4 mm cylindrical current) as shown in Figure 25. (b): For the 2 mm cylindrical 
current phantom, the same effect as in (a) is plotted on the wavelength axis. .................. 81	  
Figure 27. Effect of ultrasound frequency on the image resolution and UCSDI sensitivity 
during atrial depolarization. The contour of the heart is indicated using red dotted lines. 
Top left: simulated cardiac cycle with the time point of interest marked with the red dot. 
Top right: the simulated current density pattern on the YZ (X = 0) plane at the chosen 
time point (atrial depolarization). Bottom: the simulated UCSDI images using ultrasound 
frequency of 0.5, 1 and 2 MHz. ........................................................................................ 83	  
Figure 28. Effect of ultrasound frequency on the image resolution and UCSDI sensitivity 
during ventricular depolarization. The contour of the heart is indicated using red dotted 
lines. Top left: simulated cardiac cycle with the time point of interest marked with the red 
dot. Top right: the simulated current density pattern on the YZ (X = 0) plane at the 
chosen time point (ventricular depolarization). Bottom: the simulated UCSDI images 
using ultrasound frequency of 0.5, 1 and 2 MHz. ............................................................. 84	  



 14 

Figure 29. Langendorff setup for UCSDI of the live rabbit heart and schematic diagram 
of the data acquisition (DAQ) system. The heart was perfused with 37ºC Kreb-Henseleit 
(K-H) buffer by Radnoti 120103EZ perfusion system. The ultrasound transducer (US 
xducer) was immersed in the 38ºC water tank underneath the heart and driven by a 
pulse/receiver (T/R). Recording electrodes were placed in or on the heart to detect both 
high frequency AE signals and low frequency electrocardiography (ECG) signals. HPF 
and LPF are the high and low pass filters for separating the AE and ECG signals. The 
high frequency AE signal and pulse echo (PE) were recorded by a NI high-speed digitizer 
(HF); the standard low frequency (LF) ECG was recorded by a multifunction DAQ card.
 ........................................................................................................................................... 88	  
Figure 30. Photograph of the experimental setup. A: Aortic cannula. B: pacing electrodes. 
C: rabbit heart. D: a clinical intracardiac catheter being placed onto the epicardium. E: 
ultrasound transducer submerged in the water underneath the imaging chamber. F: water 
tank. G: imaging chamber. H: immersion heater used to keep the water tank warm. ...... 90	  
Figure 31. Photograph of the system and apparatus. A: custom made 16 channel signal 
conditioning box. B: power supply for A. C: XYZ step motor. D: motor controller. E: 
multichannel data acquisition. F: trigger controller. G: oscilloscope. H: signal 
generator/stimulator. I: ultrasound pulsar/receiver. J: Power amplifier. K: water tank with 
ultrasound transducer. L: commercial signal amplifier. Equipment C – L were used for 
the setup described in section 4.2.2 and 4.2.3. Equipment A – K were used for he setup 
described in section 4.2.5. ................................................................................................. 92	  
Figure 32: Timing diagram of heart pacing, ultrasound pulsing, ECG recording, and AE 
signal acquisition. The heart was paced at 3 Hz or above its intrinsic rate. Each 
ultrasound trigger caused the waveform generator to produce a chirp excitation to the 
ultrasound transducer. The repetition rate of the ultrasound triggers (2 kHz) determined 
the sampling rate of the cardiac activation sequence. The low frequency ECG was 
recorded simultaneously on the same electrodes. ............................................................. 94	  
Figure 33. Color M-mode UCSDI and ECG signal reconstruction. (top-left) measured 
low frequency ECG signal (ECGLF);(middle-left) color M-mode UCSDI image formed 
from the baseband AE signal, the horizontal axis represents slow time in millisecond (ms) 
starting from the pacing signal; the vertical axis represents the depth in millimeter (mm) 
from the ultrasound transducer element; (bottom-left) Envelope of the AE signals at three 
different time points (72, 90, and 100 ms); (right) ECGAE at three different depths (48, 
57, 66mm) denoted by the horizontal green dashed lines in the color M-mode image. The 
depth values refer to the position relative to the ultrasound transducer at the origin. ...... 96	  
Figure 34. Schematic of the Langendorff setup for UCSDI of live rabbit hearts and 
diagram of the experimental setup. The heart was perfused with 37oC K-H buffer by the 
perfusion system. The ultrasound transducer (US xducer) was immersed in the 38oC 
water tank below the heart and driven by a power amplifier (PA) with a chirp pulse 
waveform. A clinical catheter with 20 electrodes was placed on the epicardium to detect 
AE signals, as well as the ECG. A custom-made signal conditioning (SC) system was 
used to separate and amplify the low frequency ECG signals (ECGLF) and high frequency 
AE signals. These signals were then amplified and digitized by a data acquisition (DAQ) 
system. .............................................................................................................................. 98	  



 15 

Figure 35. Top left: Photograph of heart during multichannel recording with the catheter 
placed underneath heart. Bottom left: Photograph of the catheter taken from the reflection 
in a mirror. Right: diagram of lead arrangement on the catheter. Ten electrodes were 
formed into five leads. ...................................................................................................... 99	  
Figure 36. Top: photograph of the multichannel signal conditioning box. Bottom: one of 
the multiple PCB boards in the box, with adjustable gain and filter setting. .................. 100	  
Figure 37. Intramuscular UCSDI of live rabbit hearts using two different focused 
ultrasound transducers (1.0 MHz and 0.5 MHz) and tungsten needle electrodes. (a) 
Rabbit heart in Langendorff chamber with two recording electrodes (R1 and R2) and a 
pair of pacing electrodes (S), which paced the heart at the right atrium at 3 Hz. The 
ultrasound transducer was located below the heart and focused at the RV wall; (b) and (c) 
filtered AE signals at the ECGLF peak times of 105 ms and 92 ms, respectively; (d) and 
(e) overlay of the M-mode UCSDI (color) and PE (gray) images; (f) and (g) describe the 
ECGAE signals (green) at the depth of 74 mm and 57 mm, respectively, with the ECGLF 
(black) as a reference. The two columns describe data collected at two different 
ultrasound frequencies. ................................................................................................... 105	  
Figure 38. Epicardial UCSDI of the live rabbit heart using the 0.5 MHz transducer and 
the lasso cardiac catheter. (a) Rabbit heart with catheter and recording electrodes R1 and 
R2; (b) M-mode pulse echo image (gray) superimposed on a color M-mode UCSDI; (c) 
ECGLF (black) and ECGAE (green) signals during cardiac cycle. The ECGAE signal is 
taken at the RV wall at the depth of 66.7mm relative to the transducer origin. ............. 106	  
Figure 39. (a) Top view (x-y plane) of the rabbit heart, recording electrodes, and B-mode 
scanning range and direction. The scan size is 14 mm with 1 mm steps. Each image 
represents an average of 50 consecutive cardiac cycles at each scan point (b) 
Superposition of the pulse echo B-mode image (gray scale) and UCSDI (hot colors) in y-
z plane. Pulse echo images are generated from the echo of the ultrasound pulse, while the 
UCSDI maps are produced from the AE signal at the peak envelope of the ECGLF (t = 
139 ms). The vertical axis (depth) is the same as for the M-mode images. The horizontal 
axis represents the lateral scan position in millimeters. The images are interpolated and 
displayed on a dB scale (35 dB for pulse echo and 10 dB for UCSDI); (c) Activation map 
inside the dashed green box from (b) with stimulation at the SA node. Colors denote the 
arrival time (in ms) of the peak envelope of the ECGAE signal at each position. Gray 
pixels represent ECGAE signals below a threshold of 40% of the maximum AE signal. 
(d) Activation map for a second scan with stimulation near the apex. ........................... 109	  
Figure 40. Volume activation maps produced by an XY scan of the ultrasound beam. 
(upper left) Rabbit heart, catheter position, recording electrodes, and scan area; (upper 
right) ECGLF signal [ms, mV]; (bottom) UCSDI images (color) superimposed with 
pulse-echo images (gray) during the cardiac cycle. The UCSDI images are generated 
from the maximum intensity projection of the AE signal in the z (depth) direction. The 
UCSDI maps reveal the magnitude of the current density at that location and time. ..... 111	  
Figure 41. (a) Superposition of pulse echo (gray scale) B-mode image and cardiac 
activation map (color) at y = 1mm position; (b) Two horizontal slices of the 3D activation 
map at a depth of 59mm and 66mm; (c) ECGLF signals from two pairs of electrodes. The 
electrodes were marked in Figure 40 as #1, #4, and #5. The blue dotted curve is the 



 16 

ECGLF signal measured using electrodes #4 and #1 in differential mode; the red solid 
curve is the ECGLF signal measured using electrodes #5 and #1. .................................. 113	  
Figure 42. Left column: Color M-mode UCSDI for the 5 channels, corresponding to the 5 
leads depicted in Figure 35. All images are displayed with a ±15 dB dynamic range. 
Right column: ECGLF signals from same 5 channels. Units: mV. .................................. 115	  
Figure 43. The unified simulated lead field for all 5 channels on XY plane near the 
bottom of the heart. ......................................................................................................... 117	  
Figure 44. Left column: reconstructed |JI| from the multichannel UCSDI data recorded 
using 5 leads on a clinical intracardiac catheter placed on the epicardium of a live rabbit 
heart at 4 different time points duing cardiac cycle. The depth associated with the images 
is near the catheter. Middle column: averaged UCSDI across all five channels. Right 
column: chosen time points displayed on the cardiac cycle. .......................................... 118	  
Figure 45. Photograph of the Langendorff system. A: aerator for gassing the perfusion 
solution. B: water-jacketed 2-liter reservoir for maintaining the solution at a constant 
temperature. C: circulation heater for circulating and maintain the temperature of the 
water inside the water jacket of the system. D: water-jacketed bubble trap. E: glass aortic 
cannula. F: custom-made imaging chamber. G: double-headed peristaltic pump for 
drawing the perfusion solution from the reservoir (“B”) to the cannula (“E”) to retro-
perfuse the heart, and for drawing the used solution out of the imaging chamber (“F”) to 
the waste collection. H: immersion water heater. I: imaging transducer. J: water tank. 128	  
 

  



 17 

LIST OF TABLES 

Table 1 Effect of the f-number on AE signal .................................................................... 81	  

Table 2: Summary of recording methods and performance of detecting the AE signal . 107	  

Table 3 Ingredients for 2-liter Kreb-Henseleit buffer ..................................................... 125	  



   
18 

ABSTRACT 

Ultrasound Current Source Density Imaging (UCSDI) is a noninvasive modality for 

mapping electrical activities in the body (brain and heart) in 4-dimensions (space + time). 

Conventional cardiac mapping technologies for guiding the radiofrequency ablation 

procedure for treatment of cardiac arrhythmias have certain limitations. UCSDI can 

potentially overcome these limitations and enhance the electrophysiology mapping of the 

heart.  

UCSDI exploits the acoustoelectric (AE) effect, an interaction between ultrasound 

pressure and electrical resistivity. When an ultrasound beam intersects a current path in a 

material, the local resistivity of the material is modulated by the ultrasonic pressure, and a 

change in voltage signal can be detected based on Ohm’s Law. The degree of modulation 

is determined by the AE interaction constant K. K is a fundamental property of any type 

of material, and directly affects the amplitude of the AE signal detected in UCSDI. 

UCSDI requires detecting a small AE signal associated with electrocardiogram. So 

sensitivity becomes a major challenge for transferring UCSDI to the clinic. This 

dissertation will determine the limits of sensitivity and resolution for UCSDI, balancing 

the tradeoff between them by finding the optimal parameters for electrical cardiac 

mapping, and finally test the optimized system in a realistic setting. 

This work begins by describing a technique for measuring K, the AE interaction constant, 

in ionic solution and biological tissue, and reporting the value of K in excised rabbit 
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cardiac tissue for the first time. K was found to be strongly dependent on concentration 

for the divalent salt CuSO4, but not for the monovalent salt NaCl, consistent with their 

different chemical properties. In the rabbit heart tissue, K was determined to be 0.041 ± 

0.012 %/MPa, similar to the measurement of K in physiologic saline: 0.034 ± 

0.003 %/MPa. 

Next, this dissertation investigates the sensitivity limit of UCSDI by quantifying the 

relation between the recording electrode distance and the measured AE signal amplitude 

in gel phantoms and excised porcine heart tissue using a clinical intracardiac catheter. 

Sensitivity of UCSDI with catheter was 4.7 µV/mA (R2 = 0.999) in cylindrical gel (0.9% 

NaCl), and 3.2 µV/mA (R2 = 0.92) in porcine heart tissue. The AE signal was detectable 

more than 25 mm away from the source in cylindrical gel (0.9% NaCl). Effect of 

transducer properties on UCSDI sensitivity is also investigated using simulation. The 

optimal ultrasound transducer parameters chosen for cardiac imaging are center 

frequency = 0.5 MHz and f/number = 1.4. 

Last but not least, this dissertation shows the result of implementing the optimized 

ultrasound parameters in live rabbit heart preparation, the comparison of different 

recording electrode configuration and multichannel UCSDI recording and reconstruction. 

The AE signal detected using the 0.5 MHz transducer was much stronger (2.99 µV/MPa) 

than the 1.0 MHz transducer (0.42 µV/MPa). The clinical lasso catheter placed on the 

epicardium exhibited excellent sensitivity without being too invasive. 3-dimensional 

cardiac activation maps of the live rabbit heart using only one pair of recording electrodes 
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were also demonstrated for the first time. Cardiac conduction velocity for atrial (1.31 m/s) 

and apical (0.67 m/s) pacing were calculated based on the activation maps. 

The future outlook of this dissertation includes integrating UCSDI with 2-dimensional 

ultrasound transducer array for fast imaging, and developing a multi-modality catheter 

with 4-dimensional UCSDI, multi-electrode recording and echocardiography capacity.  
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CHAPTER 1 INTRODUCTION 

 

1.1 CARDIAC ARRYTHMIAS AND THEIR CURRENT TREATMENT IN THE 

CLINIC 

Cardiac arrhythmias are a serious health concern affecting more than 1% of the overall 

population world wide, rising to over 4% in people over 65. They are associated with 

considerable morbidity and mortality.  

Normal cardiac conduction starts from the sinoatrial (SA) node, which is located in the 

right atrium at the superior vena cava, consisted of specialized muscle cells, also called 

pacemaker cells. They generate an activation potential at about 70 beats per minute in 

human heart, which is the intrinsic activation frequency for the whole heart. From the SA 

node, the activation wave propagates throughout left and right atria, reaching 

atrioventricular (AV) node, which is the sole conductive pathway between atria and the 

ventricles. The activation wave then propagates to the bundle of His, and divides into two 

bundle branches propagating down the septum along the side of each ventricle, 

eventually breaking out into Purkinje fibers and activates the rest of the ventricular mass. 

A diagram depicting the different anatomical regions of the human heart, and the 

waveform of the activation impulse associated with these different specialized cardiac 

tissue are displayed in Figure 1.  
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Figure 1. Diagram of the activation sequence in human heart. Numbers marked on the left 
side of the image shows the timing of the activation in ms. Right side displays the 
intracellular activation waveform of different regions. Scale of the timing is marked with 
a 200 ms bar. 
 

Arrhythmias are classified by rate into bradycardias (slower than normal heart beat, less 

than 60 beats per minute) and tachycardias (faster than normal heart beat). Tachycardias 

can be further classified according to their presumed site of origin into three broad 

groups, based on whether they originate in the atrium, atrioventricular junction or 

ventricles. About half of cardiac death in North America and Europe are attributable to 

ventricular tachycardias. Ventricular tachycardias may self terminate within a few 

seconds (non-sustained). Or, when it lasts longer than 30 seconds, it is defined as 

sustained.  
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Currently in the clinic, treatment for cardiac arrhythmias includes antiarrhythmic drugs, 

implantable devices (cardiac resynchronization therapy and implantable cardioverter 

defibrillator), and catheter-based ablation. While antiarrhythmic drugs do reduce certain 

arrhythmic symptoms, they have little effect in preventing death in patients. They are also 

associated with toxicities and can sometimes aggravate arrhythmias [John 2011][John 

2012]. Cardioverter defibrillator can effectively end sustained ventricular tachycardia, 

and reduce the rate of sudden cardiac death [John 2011, 2012][Roujol and Stevenson 

2013]. However, implantable devices have inherent risks and limitations. For example, 

the high voltage shocks from cardioverter defibrillator reduce the quality of life in 

patients, and are associated with increased mortality [John 2011, 2012].  

Radiofrequency (RF) catheter ablation has revolutionized the management of cardiac 

arrhythmias. The procedure involves advancing a long, thin and flexible catheter through 

a blood vessel (e.g. jugular vein, femoral vein), reaching the aorta and into the heart. A 

schematic depicting the ablation procedure is presented in Figure 2 (courtesy of 

EastsideArrhythmiaServices.com). Pacing and pharmacologic maneuvers help identify 

the origin of the arrhythmia. The catheter then delivers RF energy to the targeted area to 

create an ablation line (by causing necrosis using RF thermal effect) to isolate the 

problematic heart muscle from the surrounding healthy muscle. The technique therefore 

requires pinpoint accuracy. 

According to American Heart Association, RF ablation has been considered a primary 

therapeutic option [Fuster 2006] with about 100,000 procedures performed annually in 
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the U.S. It is completely curative for certain types of arrhythmias, and has successfully 

treated almost every type of arrhythmia, including Wolff-Parkinson-White syndrome 

[Jackman 1991][Morady 2004], concealed accessory pathways [Jackman 1991][Lesh 

1992], atrioventricular nodal reentrant tachycardia [Kugler 1997], atrial flutter [Lesh 

1994], atrial fibrillation [Ernst 1999][Mont 2013][Gupta 2013], incisional atrial reentrant 

tachycardia [Kalman 1996] persistent junctional reciprocating tachycardia [Kugler 1997], 

junctional ectopic tachycardia [Kugler 1997], and ventricular tachycardia [Kugler 1997]. 

Alternative ablation therapy like cryoablation has also been used in place of RF 

cauterization without improvement in the overall success rate and complication rate 

[Schmidt 2013], but with longer ablation and fluoroscopy time. In addition, few medical 

centers have physicians with the correct skills to undertake cryoablation [John 2012].  

To sum up, RF catheter ablation has evolved rapidly over the last 25 years, and it remains 

the first-line treatment for certain types of cardiac arrhythmias in the clinic. 
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Figure 2. Schematic of the radiofrequency ablation procedure. An intracardiac catheter is 
advanced through the aorta into the heart near the damaged heart muscle, the origin of the 
arrhythmia. The catheter then creates an ablation line using radiofrequency heating to 
isolate the damaged area from the surrounding healthy heart tissue. 
 

1.2 PRE-ABLATION CARDIAC MAPPING  

Although RF ablation is a highly successful procedure, it depends on the pre-surgical 

mapping of the heart’s activation sequence to facilitate the ablation procedure. The 

accuracy of the mapping directly affects the outcomes of the ablation procedure.  



 26 

The initial imaging modality with which interventional electrophysiology (EP) developed 

is fluoroscopy. Biplane fluoroscopy with anatomic fluoroscopic views is traditionally the 

primary modality used to guide catheter manipulation. However, fluoroscopy suffers 

from severe shortcomings. It subjects both medical staff and patients to ionizing radiation 

exposure, which has been shown to be carcinogenic [Anselmino 2013]. In addition, it is 

difficult to assess catheter contact because fluoroscopy fails to detect the boundaries 

between the catheter and the endocardium. Besides, fluoroscopy is inherently a 2- 

dimensional modality, and the 2-dimensional only images lead to major anatomic 

misrepresentations, which cause registration errors. Misalignment between the cardiac 

anatomy and the EP mapping often results in multiple ablation regions until the 

arrhythmia is successfully arrested. 

Recent advancements like electroanatomical mapping (EAM) have been developed to 

assist EP mapping with reduced fluoroscopic exposure and more 3-dimensional 

anatomical information. EAM exploits magnetic or electric sensors to track the position 

of the catheter inside the heart. As the catheter is steered through the chambers with the 

aid of fluoroscopy, electrophysiological maps of the heart are produced. This procedure 

typically lasts for several hours before a complete map is generated before the target 

region for ablation is identified. Because the EP map is generated over many cardiac 

cycles, the anatomical registration is often inaccurate, leading to a variety of artifacts and 

errors [Gupta 2002][Bhakta 2008]. Nonetheless, the use of fluoroscopy is not eliminated, 

which still puts patients and operators at risk. It is clear that despite the technological 

achievements, there is considerable room for improving the process by reducing the 
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number of erroneous ablations, accelerating the mapping procedure, and possibly 

targeting those who suffer from non-sustained arrhythmias, like ventricular tachycardia, 

which are currently untreatable with existing mapping and ablation methods.  

 

1.3 ULTRASOUND CURRENT SOURCE DENSITY IMAGING  

As described in section 1.2, despite the recent advancements in EP mapping technology, 

there is still significant room for improvement for the pre-ablation cardiac mapping. 

Ultrasound Current Source Density Imaging (UCSDI) is a new modality that was 

developed recently to map the electrical activities in the body, especially in the heart 

[Witte 2007][Olafsson 2008, 2009][Wang 2011, 2014][Qin 2012, 2015][Li 2012]. 

UCSDI is based on the acoustoelectric (AE) effect [Witte 2007], which will be described 

closely in 1.3.1, and Ohm’s law and lead field theory (1.3.2).  

 

1.3.1 Acoustoelectric Effect 

The AE effect was first observed by Koerber in 1909 [Koerber 1909] by taking static 

measurements of the effect of pressure on conductivity in electrolytes. In 1946, Fox et al 

reported the effect [Fox 1946] for sea water detected under a range of temperatures, 

ultrasound pressures and ultrasound frequencies. It was discovered by Fox et al that an 

ultrasonic wave periodically modified the conductivity of sea water. The topic regained 

interests in the recent two decades. Jossinet and Lavendier et al described in detail the 
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mechanism involved in the AE effect [Jossinet 1998, 1999][Lavandier 2000a, 2000b], 

where the conductivity, σ ([S∙𝑚!!]), of a binary electrolyte is given by 

𝜎 = 𝐹𝑘±𝛼𝐶(𝑧!𝑢! + 𝑧!𝑢!)     (1) 

where 𝐹 is the Faraday constant [≈ 96487 Coulomb mol-1], 𝑘± the mean ionic activity, α 

the dissociation coefficient, 𝐶  the volume concentration [m-3mol], 𝑧±  the number of 

charges, 𝑢± the electric ionic mobilities of anion/cation [m2V-1s-1]. In strong (totally 

dissociated) electrolytes, 𝛼 is approximately equal to 1 and independent of pressure and 

temperature. At physiological ionic concentrations, 𝑘± is also not affected by ultrasound 

propagation and approximately equal to 1. The differentiation of equation (1) leads to 

Δ𝜎
𝜎 =

Δ𝐶
𝐶 +

Δ(𝑧!𝑢! + 𝑧!𝑢!)
𝑧!𝑢! + 𝑧!𝑢!

 

     (2) 

So the change in conductivity 𝜎  mainly comes from the effect of pressure and 

temperature on volume concentration 𝐶 and ionic mobilities 𝑢±, since the 𝑧± present in 

the solution is constant. For short pulses and small ultrasonic pressure, the system can be 

considered as being under adiabatic conditions and equation (2) can be rewritten to 

express Δ𝜎 as   

∆𝜎 = 𝜎 𝛽! − 𝐻! + Θ
𝑧!𝑢!𝑚!! + 𝑧!𝑢!𝑚!!

𝑧!𝑢! + 𝑧!𝑢!
∆𝑃 = 𝜎𝐾∆𝑃 

   (3) 
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where 𝛽!  (Pa-1) is adiabatic compressibility; 𝐻!  (≈ 17.3 ∙ 10!!!  Pa!!  at  20  °C) is the 

coefficient describing the decrease of viscosity of water with the change of pressure; Θ  is 

the rate of induced temperature change against pressure change;  𝑚!± ≈ 0.02 /Kelvin
 
is 

the percent change in ionic mobility as a function of temperature. Equation (3) defines 

the interaction constant 𝐾. 

In terms of resistivity, equation (3) can be rewritten as 

Δ𝜌
𝜌!

= −𝐾Δ𝑃  

(4) 

where Δ𝜌 is the resistivity change of the tissue, 𝜌! the direct current resistivity, Δ𝑃 the 

ultrasonic pressure and 𝐾 the AE interaction constant. Equation (4) indicates that AE 

effect is an interaction between ultrasonic pressure and the resistivity, with the 

conversion efficiency from ultrasonic pressure to local resistivity change determined by 

interaction constant 𝐾.  

In recent years, interest in the AE effect has shifted to biomedical applications, including 

cancer detection [Zhang and Wang 2004], neural imaging [Witte 2007], and cardiac 

mapping [Olafsson 2009] [Qin 2012, 2015][Li 2012]. 
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1.3.2 UCSDI Based on AE Effect 

As described in equation (4), the AE effect is a modulation of local resistivity by the 

change of local pressure. For UCSDI, the AE effect modulates a tissue’s resistivity near 

the focal region of the ultrasound beam, with the pressure field at the time t being 

Δ𝑃 = Δ𝑃 𝑥,𝑦, 𝑧, 𝑡 . When a distributed current 𝐽! = 𝐽!(𝑥,𝑦, 𝑧) passes through tissue with 

resistivity 𝜌! = 𝜌!(𝑥,𝑦, 𝑧) , the local pressure field changes induce a change in local 

resistivity Δ𝜌, which then induces a current modulation, detectable as a voltage change 

measured across a pair of electrodes, which is called a lead. A lead’s sensitivity 

distribution is called its lead field, which is a vector field. Its shape and distribution are 

the same as those of the electric field when unit current is injected through the electrodes. 

Based on Ohm’s law and lead field theory [Malmivuo and Plonsey 1995], this detectable 

voltage induced by the AE effect, measured by lead i, can be expressed as 

𝑉!!" =    ∆𝜌 𝑱𝒊𝑳 ∙ 𝑱𝑰 𝑑𝑥𝑑𝑦𝑑𝑧    (5) 

where ∆𝜌 = ∆𝜌 (𝑥,𝑦, 𝑧) is the change in local resistivity induced by ultrasonic pressure, 

and 𝑱𝒊𝑳  = 𝑱𝒊𝑳  (𝑥,𝑦, 𝑧)  is the lead field of lead i. 𝑉!!" is the AE signal. Since 𝑉!!"  is 

modulated by ultrasound, it is in ultrasound frequency, typically in the MHz range. 

Meanwhile, lead i also detects a baseline low frequency voltage (DC – 10 kHz), from the 

local resistivity of the tissue, 𝜌! =   𝜌!(𝑥,𝑦, 𝑧) : 

𝑉!!" = 𝜌!(𝑱𝒊𝑳 ∙ 𝑱𝑰)𝑑𝑥𝑑𝑦𝑑𝑧     (6) 
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 The lead i detects both 𝑉!!"   and 𝑉!!" simultaneously and the detected signal is the sum  

𝑉! = 𝑉!!" + 𝑉!!".  𝑉!!" and 𝑉!!" can be easily separated by analog and digital filters, as 

demonstrated later in chapters 2, 3 and 4. 

With the ultrasound transducer at the origin (0,0,0) and ultrasound beam parallel to the z 

direction, the pressure field Δ𝑃 𝑥,𝑦, 𝑧, 𝑡  can be further expanded as  

Δ𝑃 𝑥,𝑦, 𝑧, 𝑡 = 𝑃!𝑏 𝑥,𝑦, 𝑧 𝑎 𝑡 − 𝑧/𝑐      (7) 

Where 𝑏 𝑥,𝑦, 𝑧  is beam pattern, and 𝑎(𝑡) is the pulse waveform, and 𝑃! is the amplitude 

of the pressure pulse. Substitute equation (7) into equation (4), and equation (4) becomes 

Δ𝜌 = −𝐾𝜌!𝑃!𝑏 𝑥,𝑦, 𝑧 𝑎 𝑡 − 𝑧/𝑐      (8)  

Then equation (5) can be rewritten and rearranged as 

𝑉!!" 𝑥!,𝑦!, 𝑧 =   − 𝐾𝜌!𝑃!𝑱𝒊𝑳 ∙ 𝑱𝑰𝑏(𝑥 − 𝑥!,𝑦 − 𝑦!, 𝑧)𝑎(𝑡 − 𝑧/𝑐)𝑑𝑥𝑑𝑦𝑑𝑧  (9) 

with 𝑉!!"(𝑥!,𝑦!, 𝑧) being the voltage measured by lead i while the ultrasound beam is 

focused at (𝑥!,𝑦!) on Z = 0 plane, as shown in Figure 3. 𝜌! can be assumed to be 

constant over the ultrasound wave packet. A volume image proportional to the local 

current density distribution is generated as the ultrasound beam is swept across the 

sample. Note that according to equation (9), the size of the ultrasound focus and, 

therefore, the integration volume for UCSDI is highly dependent on the ultrasound 

wavelength [Qin 2012]. 



 32 

There are several advantages of UCSDI compared to conventional electrical mapping. 

First, the detected electrical signal is confined to the focal region of the ultrasound beam. 

The spatial resolution is, therefore, similar to the dimensions of the ultrasound focal spot, 

typically on the order of a millimeter. It is also possible to generate volume images of a 

time-varying current field using as few as one single electrode with a distant reference 

[Wang 2011]. Another important advantage of UCSDI is that it can be readily combined, 

in real-time, with pulse echo ultrasound to produce current density maps co-registered 

with cardiac anatomy. 
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Figure 3. Illustration of the key physical components affecting UCSDI. Assume the 
ultrasound focus, recording electrode leads and the biological current are all on the same 
plane, Z = 0, inside a volume conductor. Biological current density is 𝑱𝑰. One pair of 
leads measures the injected voltage (low frequency) and the induced AE voltage (high 
frequency). V denotes a voltage detector. The beam pattern is 𝑏(𝑥 − 𝑥!,𝑦 − 𝑦!, 𝑧) with 
the coordinate of the ultrasound focus (center of the ultrasound beam profile in Z = 0 
plane) being (𝑥!, 𝑦!, 0). 
 

1.4 MEASUREMENTS OF INTERACTION CONSTANT K 

As indicated by the AE equation (4), the interaction constant 𝐾 is a fundamental property 

of a material directly determined by the conversion efficiency from applied pressure and 
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local current to induced voltage. K also directly affects the magnitude of AE signal 

recorded in UCSDI, as shown in equation (9). While 𝐾 has been assessed in electrolytes ( 

typical value of K in 0.9% NaCl solution was reported to be on the order of 0.01-0.1 % / 

MPa) [Jossinet 1998, 1999][Lavandier 2000a, 2000b], the value has not been calculated 

in many other types of material, including biological tissue. Owing to its importance to 

UCSDI for cardiac imaging, a system and apparatus to measure 𝐾 in electrolytes and 

rabbit heart tissue was developed. The results will be presented in chapter 2. An accurate 

estimate of 𝐾 would provide a baseline for detecting the AE signal in cardiac tissue, 

thereby enabling us to build better models and optimize UCSDI instrumentation toward 

clinical use. 

 

1.5 OPTIMIZING UCSDI SENSITIVITY 

As described in section 1.4, according to equation (9), amplitude of the AE signal used in 

UCSDI is directly proportional to K. Since K is on a small scale (on the order of 0.01-0.1 

% / MPa in physiological saline and biological tissue) [Jossinet 1998, 1999][Lavandier 

2000a, 2000b][Li 2010, 2012], UCSDI for cardiac mapping requires detecting a small 

signal close to background noise. Therefore, sensitivity becomes a key limiting factor for 

UCSDI. K is an inherent property of a material, and cannot be changed. According to 

equation (9), both the ultrasound properties and the recording electrode parameters (lead 

field) affect the sensitivity and spatial resolution of UCSDI as well. It is an important step 
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to explore and optimize these parameters for translating UCSDI to patients for fast EP 

mapping during ablation treatment for arrhythmias. 

Because the location of the AE signal is confined to the focal region of the ultrasound 

beam, UCSDI becomes primarily a detection problem. It is preferable to detect current 

sources as far as possible from the recording electrodes such that 3-dimentional current 

flow images can be obtained by simply sweeping the ultrasound beam in the heart. 

Chapter 3 will examine the effect of recording electrode distance on the sensitivity of 

UCSDI in a tissue-mimicking phantom and excised porcine tissue.  A clinical 

intracardiac catheter is used because it contains multiple recording sites, and it is also a 

key stepping to integrate UCSDI with an existing commercial intracardiac device. 

On the other hand, there are other factors affecting UCSDI sensitivity – ultrasound 

parameters. In equation (9), the terms that represent ultrasound properties include 

ultrasonic pressure 𝑃! , beam pattern 𝑏(𝑥,𝑦, 𝑧) and ultrasound waveform 𝑎(𝑡 − 𝑧/𝑐). 

From these 3 terms, one can intuitively predict that the spatial resolution and AE signal 

sensitivity. For a given current source distribution and fixed recording electrodes, an 

ultrasound focus with a small axial beam width (higher frequency) provides better detail 

at the cost of a smaller integral volume. On the other hand, when the current field is 

confined within one wavelength of the ultrasound beam, the integral in equation (9) has 

minimal cancellation effect and produces a detectable AE signal. This emphasizes the 

inherent tradeoff between detection sensitivity and spatial resolution. From equation (9), 

it is clear that AE signal magnitude is linear with the ultrasound pressure 𝑃!. In the past, 



 36 

the effect of ultrasound pulse coded excitation on the AE signal sensitivity and resolution 

has been demonstrated [Qin 2012]. This dissertation will determine the optimal center 

frequency and f-number of a transducer for AE sensitivity using simulation in chapter 3. 

 

1.6 UCSDI WITH CLINICAL INTRACARDIAC CATHETERS IN LIVE RABBIT 

HEART 

One potential drawback of UCSDI for cardiac mapping is that the technique requires 

detecting a small signal close to background noise. As mentioned in section 1.5, 

according to equation (9), both the ultrasound and electrode parameters affect the 

sensitivity and spatial resolution of UCSDI. Chapter 4 will expand further and test the 

optimized ultrasound transducer properties using live rabbit hearts, as well as investigate 

the effects of different electrode recording configuration. Two-dimensional and 3-

dimensional mapping of the cardiac activation wave using a pair of recording electrodes 

on a clinical lasso catheter placed on the epicardium will also be demonstrated for the 

first time. These are important steps towards optimizing UCSDI and translating this 

technology to patients for fast EP mapping during ablation treatment for arrhythmias. 

 

1.7 UCSDI CURRENT FIELD RECONSTRUCTION 

Conventional reconstruction algorithms using multiple surface or depth electrodes are 

problematic due to the spread of electric field lines from each source and variations in the 
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dielectric properties of different types of tissue [Malmivuo 1995][Finke 2003]. The 

inverse solutions in these cases are often ill defined and usually require assumptions 

regarding the underlying current source (e.g., monopole or dipole). Even in the best case 

with a large number of recording electrodes (e.g., 64 grid electrodes), these solutions 

provide merely a probability of the location of the source in space. The current field 

reconstruction methods based on UCSDI have been described in previous publications 

[Olafsson 2008][Wang 2014][Yang 2011, 2013]. UCSDI has been demonstrated to have 

the capability of locating the source and sink of a current dipole in saline within 1 mm, 

and the feasibility to image more complex current density distribution in  inhomogeneous 

conductive medium. More details about the reconstruction based on UCSDI, 

experimental results will be discussed in chapter 4. 
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CHAPTER 2 MEASURING THE ACOUSTOELECTRIC INTERACTION 

CONSTANT 

 

2.1 INTRODUCTION 

As section 1.4 described, the conversion efficiency for UCSDI is determined by the AE 

interaction constant K, a fundamental property of all materials, directly affecting the 

voltage signal detectable in UCSDI. K places an ultimate restraint on the sensitivity of 

UCSDI, so it is very important to quantify the value of K in electrolytes and biological 

tissue.  

In this chapter, the measurement of the magnitude of the AE signal and interaction 

constant K are demonstrated. A custom chamber was designed and fabricated to control 

the geometry for estimating K, which was measured in 7 cadaver rabbit hearts, as well as 

different concentrations of NaCl and CuSO4 solution. These two salts were chosen 

because of their different ionic composition and chemical properties. In aqueous salt 

solution, the AE effect occurs through the variation of the parameters controlling the 

ionic resistivity against pressure and temperature. NaCl is a monovalent salt, in which the 

AE effect was found to be almost independent of concentration; CuSO4 is a divalent salt 

whose acoustoelectric behavior was hypothesized to rely on concentration, yet never 

proven experimentally [Koerber 1909]. An accurate estimate of K would provide a 
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baseline for detecting the AE signal in cardiac tissue, thereby enabling the making of 

better models and optimize UCSDI instrumentation toward clinical use.  

 

2.2 METHODS AND MATERIALS 

2.2.1 Theory for Measuring K 

Figure 4 portrays the steps for calculating K based on the detected AE signal using 

UCSDI. Assume that the material has a rectangular shape and is illuminated by an 

ultrasound beam traveling in the Z direction. The resistivity of the material within the 

focal region is modulated by Δρ according to equation (4), and thus is Δρ + ρ0, with ρ0 

being the resistivity in the rest of the material not affected by ultrasound. Δρ can be 

calculated based on the geometry defined in Figure 4 using a simple circuit model. 

Inserting the calculated Δρ into (1) yields:  

𝐾 = − ℎ
2𝑟

!
(𝑤

!
𝜏𝑐)(𝜋 2)(

1 𝜌!)(
Δ𝑅

Δ𝑃),    (10) 

 

where part I comes from the geometry defined in Figure 4 and part II is calculated based 

on the experimental measurement. In part II, ΔP is the ultrasonic pressure at focus, ρ0 the 

resistivity of the material and ΔR the change in resistance due to the modulation by 

ultrasound. From equation (10), it is clear that that with carefully defined geometry (part 

I), K can be experimentally measured, which will be described in detail in chapter 2. 

I II 
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The original derivation of equation (10) was described by Lavandier et al. [Lavandier 

2000a], and, in a preliminary study, a similar approach to calculate K in ionic solutions 

and cardiac tissue was used [Li 2010]. 

 

Figure 4. Generation and detection of AE signal for calculating K. Transducer sends 
pulsed ultrasound to a rectangular-shaped material at a distance of one focal length. The 
width and height of the material are w and h respectively. r is the beam radius measured 
at the focus using a calibrated hydrophone. The ultrasound pulse was taken to have a 
rectangular shape in Z direction, where the pressure amplitude is ΔP at the focal zone 
with a duration τ and zero everywhere else. c is the velocity of sound in water; so τ·c 
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determines the length of the focal zone in the Z direction. ρ0 is the resistivity of the 
material and Δρ the ultrasound induced resistivity change of the material. A function 
generator with certain output voltage injects current with density J through the material 
with stimulating electrodes S1 and S2. R1 and R2 are the recording electrodes, which 
detect the AE signal. 
 

2.2.2 Chamber for Measuring K in Electrolytes and Biological Tissue 

A custom chamber was fabricated to control the geometry for measuring the interaction 

constant K (Figure 5, top). The initial design was generated using SolidWorks® based on 

the geometry defined in Figure 4 and then fabricated using a 3D rapid prototyping 

machine (Objet Connex350). The chamber featured three compartments. Two side 

compartments contained electrolyte solution (NaCl or CuSO4) for electrical coupling the 

sample to the current-injecting electrodes. The middle compartment included a 

rectangular tunnel for holding the sample and confining current flow. The inner 

dimensions of the tunnel (2.5 mm X 2.5 mm X 25mm) were carefully chosen to fit the 

geometrical model described in Figure 4 and equation (10). The bottom of the tunnel was 

an acoustic window made of Tegaderm™.  

 

2.2.3 Imaging System and Apparatus for Measuring AE Interaction Constant 

As depicted on the bottom of Figure 5, one pair of platinum electrodes (S1 and S2) 

connected to a signal generator (Agilent, 33220A) was used to directly pass alternating 

current at 200 Hz through the sample in the tunnel. Voltage was measured across a 1-ohm 
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resistor placed in series with one of the current-injecting electrodes to determine the 

current amplitude. Another pair of Ag/AgCl electrodes (R1 and R2) recorded the signal, 

which was bifurcated and fed into two differential amplifiers. One amplifier (Lecroy 

1855, 20 MHz bandwidth) was connected after an analog high pass filter (200 kHz cut-

off-frequency) to record the high frequency AE signal, which was further amplified and 

captured on a fast 12-bit acquisition board (Signatec, PDA12, 60 MHz bandwidth) with a 

total gain of 54 dB. A second differential amplifier (Lecroy 1855, 100 kHz bandwidth) 

captured the low frequency voltage signal, which was recorded on a separate data 

acquisition system (National Instruments BNC-2110) and was used to calculate the 

resistivity ρ0 in equation (9). A 1 MHz single element focused transducer (Panametrics, 

f=68mm, D=41mm) was pulsed in synchrony with the peak and trough of the 200 Hz 

current injection. The PE signal received by the transducer was also simultaneously 

recorded using the PDA12. To obtain PE and AE signals at each position in the tunnel, 

the transducer was raster scanned (Velmex PK245-01AA) to produce 3D UCSDI and PE 

images. A 3-dimesional UCSDI image is essentially a collection of AE signals at each 

position to produce a 3-dimesional current source density image of the tunnel. Pressure at 

the focus in the tunnel was measured with a calibrated hydrophone (Onda, HGL-0200).  
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Figure 5. Top: the X-Z cross-section view of the initial design of the chamber (left) and 
actual photograph (right). The chamber has three compartments that are electrically 
coupled: two side compartments for electrolyte and a middle compartment containing a 
tunnel for placement of the samples. Bottom: Instrumentation for measuring K. T/R: 
ultrasound pulser/receiver, which was pulsed in synchrony with the function generator. 
HPF: high pass filter. LPF: low pass filter. LF: low frequency. HF: high frequency. 
 

2.2.4 Signal Processing and Data Analysis 

The AE signals detected at the peak and trough of the current injection were averaged 

100 times and then subtracted from each other to reduce common-mode noise. The 

subtracted signals were then band pass filtered according to the frequency response of the 

transducer. The simultaneously recorded PE signals based on two-way travel of the 

acoustic wave detected by the transducer were processed in a similar fashion. The AE 

and PE signals were then demodulated to produce the envelope for analysis and display.  

The baseline resistivity ρ0 was calculated from the low frequency voltage recording. The 

change in resistance ΔR of the samples due to the pressure pulses was calculated from the 

slope of recorded AE voltage at various current levels. Linear fitting of the resistance and 

the pressure gave ΔR/ΔP. (ΔR/ΔP)/ρ0, which is part II of equation (10), was then 

calculated and combined with the measured part I to determine K.  

 

2.2.5 Animal Preparation and Materials 

K was measured in rabbit heart tissue and electrolytes for comparison. Seven fresh rabbit 

hearts were obtained according to protocols approved by the Institutional Animal Care 
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and Use Committee (IACUC) at the University of Arizona. Adult New Zealand White 

rabbits were sacrificed by intracardiac administration of Beuthanasia® (1 cc/10 lb) after 

anesthetization by intramuscular injection of the mixture of ketamine and xylazine. 

Immediately after the rabbit was euthanized, the heart was excised and immersed in 0.9% 

phosphate buffered saline. A segment of tissue was removed with a scalpel along the long 

axis of the left ventricle, as demonstrated in Figure 6. The excised strip of tissue had 

dimensions very close to the size of the tunnel (2.5 mm X 2.5 mm X 25mm), such that 

the tissue conformed to the shape of the tunnel.  0.9% phosphate buffered saline was 

added to the side compartments, submerging the electrodes.  
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Figure 6. Photographs showing the extraction of the rabbit heart tissue. A rabbit heart is 
separated into 2 pieces A and B using a scalpel. A is from the right ventricle and B is 
from the left ventricle and the septum. B is further separated into 2 pieces C and D. C is 
from the left ventricle and D from the septum. C is then further cut to E and finally to F 
to extract a piece of tissue that is relatively uniform in texture. 
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For the first five rabbit heart experiments for determining K were performed at room 

temperature (24 ºC). Another heart was used to track the variability of K also at 24ºC, 

during several hours of recording immediately after tissue extraction. This ensured that 

the tissue was fresh and its physical properties were not changing appreciably during the 

measurement of K.  In addition, because initial experiments were performed at 24 ºC, it is 

also necessary to examine the effect of temperature on the measurement of K in cardiac 

tissue between room and body temperature. Tissue temperature was controlled by heating 

and cooling the surrounding saline bath. Temperature was monitored using a calibrated k-

type thermocouple in contact with the tissue. The value of K was measured between 23 

ºC and 41 ºC. 

For comparing K in different electrolytes, the side compartments and tunnel were filled 

with either NaCl (monovalent) or CuSO4 (divalent) solutions. To determine the 

concentration dependence of K for these different salt solutions, K was measured for five 

different concentrations (0.3%, 0.6%, 0.9%, 1.2% 1.5%) of each salt at 24 ºC. 

 

2.3 RESULTS OF K MEASUREMENT 

2.3.1 K in Electrolytes 

Figure 7 displays the AE signals (left) recorded from 0.9% saline for three different 

current levels, and the UCSDI images (right) formed from the AE signals along the scan 

distance. The AE signals are radiofrequency traces corresponding to the position at the 
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white dashed-line in the UCSDI images. More details about Figure 7 are explained in 

Figure 8. The effect of different current amplitudes on the AE signal is manifested. As 

the current amplitude decreased, the AE signal also decreased proportionally. 

0.9% NaCl was used here as an example to demonstrate the process for calculating K. In 

Figure 9(a), the slope of low frequency voltage at various current levels provided the low 

frequency resistance R0, which was used to calculate ρ0 given the geometry defined in 

Figure 3. Best fit lines of the AE voltages recorded at multiple current amplitudes at a 

particular pressure were used to calculate the AE resistance. The AE resistance was then 

evaluated at four different pressure levels (140, 270, 400 and 530 kPa at 1MHz) as 

displayed in Figure 9(b). The best fit line of the AE resistances at four pressures gave rise 

to ΔR/ΔP, which is the slope denoted in Figure 9(c). This, combined with ρ0 and part I in 

equation (10), was used to determine K. In this case, K equals 0.037 %/MPa for 0.9% 

NaCl.  

The same method was carried out at concentrations of 0.3%, 0.6%, 0.9%, 1.2% and 1.5% 

for both NaCl and CuSO4 solutions. Figure 10(a) depicts different effects of K with 

concentration for monovalent (NaCl) and divalent (CuSO4) salts. The difference is 

indicated by the slope and R2 values for the two salts. For the monovalent NaCl, the small 

slope (0.003/MPa) and regression coefficient (R2= 0.12) suggested that K had no 

dependence on concentration. On the other hand, K for the divalent salt CuSO4, with R2 

of 0.97 and a slope of 0.05/MPa, was highly dependent on concentration. Figure 10(b) 

portrays the signal amplitude measured with UCSDI for the two salts. It is clear, 
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therefore, that for the monovalent salt NaCl, the AE signal does not depend on 

concentration; but for the divalent salt CuSO4, it is very sensitive to concentration. 

 

Figure 7. AE signals and UCSDI images from 0.9% NaCl at different current levels. Left: 
traces of AE signal associated with the position marked by white dashed-line on the right. 
Right: UCSDI images of the tunnel filled with 0.9% NaCl at current levels of 6, 4 and 2 
mA. Arrow “a” points to the solution-membrane-interface, “b” the solution-air interface 
and “c” an artifact caused by the reflection of the acoustic wave. Details of the origin of 
“c” are explained in Figure 8. 
 



 50 

 

Figure 8. Diagram explaining the artifact in figure 5 caused by acoustic reflection. Arrow 
1 indicates the propagation direction of the initial ultrasound beam. When beam 1 reaches 
the tissue water interface, the first signal is created (“a” in Figure 7). The ultrasound 
beam (marked as “2”) then continues to propagate and reaches the tissue air interface, 
generating the second signal (“b” in Figure 7). The tissue air interface also causes a 
acoustic reflection which generated beam 3. When beam 3 propagate back to the tissue 
water interface, a third signal was generated (“c” in Figure 7). 
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Figure 9. Calculation of K in 0.9% NaCl. (a) LF voltage at different current injections is 

plotted to get the slope (2.17 kΩ), which is the LF resistance. (b) At pressure levels of 

140 kPa, 270 kPa, 400 kPa and 530 kPa, AE peak-to-peak amplitude at different current 

injections is plotted to get the slopes, which are 0.9 mΩ, 2.4 mΩ, 3.3 mΩ and 4.2 mΩ, 

respectively. (c) The four AE resistances at each pressure from (b) are linear fitted to get 

ΔR/ΔP. 

 

  

Figure 10. Comparison between NaCl and CuSO4. (a) The same process demonstrated in 
Figure 9 (a), (b) and (c) was repeated for different concentrations of NaCl and CuSO4. 
The ΔR/ΔP values are inserted into equation (3) to get the K values for different 
situations. The linear regression coefficient R2 for K at different concentrations of NaCl 
and CuSO4 were 0.12 and 0.97, respectively. (b) Amplitude of AE signals recorded at 
different concentrations for NaCl and CuSO4. 
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2.3.2 K in Cardiac Tissue 

Typical UCSDI images (hot colors) and co-registered PE (gray) images across and along 

a strip of rabbit heart muscle are displayed in Figure 11 (first and second column). In the 

third column, radiofrequency traces associated with the center of the UCSDI and PE 

images are illustrated. Stronger signals appeared at the tissue-air-interface than the tissue-

water-interface because the former included a stronger reflection of the acoustic wave 

due to the acoustic impedance mismatch. The depth of the AE signal was converted from 

the one-way propagation of the ultrasound beam, while the depth of PE signal was based 

on two-way propagation. The frequency of the AE signal appears different than PE only 

because they are presented on a spatial scale. Figure 12 demonstrates the frequency 

response (Fourier transform) of the AE and PE signal traces on the third column of 

Figure 11. The frequencies of AE and PE signals evidently fall in the same spectral 

range, both centering at 1 MHz, the center frequency of the ultrasound transducer.  

K was measured in 7 different rabbit hearts. Using the same method as demonstrated 

previously for 0.9% saline, the averaged AE signal calculated in the heart was 26 ± 9 µV 

(measured at 530 kPa). This value was compared to the AE signal amplitude in saline, 

which was measured in 5 samples per concentration, as illustrated in Figure 13(a). The 

distribution of K with respect to resistivity for the 7 rabbit hearts is plotted in Figure 

13(b). The red X denotes the mean value of K (K = 0.041 ± 0.012 % / MPa) at the mean 

resistivity for the rabbit hearts. The K for 0.9% saline is also marked in Figure 13(b) for 
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comparison. The blue X denoted the mean value of K (K = 0.034 ± 0.003 % / MPa) at the 

mean resistivity for 0.9% saline. 

 

 

Figure 11. Signals and images of a strip of rabbit heart muscle with X axis along the 
direction of the tunnel, Y axis across the tunnel, and Z along the depth direction. (a) First 
and second column: B-mode PE images across and along the tunnel under a peak focal 
pressure of 530 kPa. Arrow “a” points to the tissue-water interface, “b” the tissue body 
and “c” the tissue-air interface. The side of the tunnel is visible in the PE images. The 
third column is the corresponding PE signal marked by the white dashed-line. (b) First 
and second column: hot/cold color UCSDI images across and along the heart muscle 
under pressure of 400 kPa. Arrow “d” points to the tissue-water interface corresponding 
to “a” in the PE image. Arrow “e” denotes the tissue-air interface, which is at the same 
position as “c” in the PE image. Arrow “f” points to the artifact due to the reflection of 
the acoustic wave. The third column represents the corresponding AE signal marked by 
the white dashed-line.  
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Figure 12. The power spectrum of the AE (blue solid line) and PE (red dashed-line) 
signal traces demonstrated on the third column of figure 7. Each curve is scaled to its 
maximum magnitude in dB. 
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Figure 13.  (a) Bar graph of the average AE peak-to-peak amplitude of 7 hearts at 24 ˚C 
compared to the AE peak-to-peak amplitude measured in different concentrations of 
saline. Standard deviation of the values is depicted on top of the bars. (b) Distribution of 
K at 24 ˚C with respect to resistivity for all 7 hearts (red crosses). Mean and standard 
deviation for the hearts (red X) compared to 0.9% saline (blue X) are also depicted. 
 

Figure 14(a) indicates that the measurement of K was relatively stationary during the first 

4+ hours of recording (0.035 ± 0.0045 %/MPa). This suggests that the biological state of 

the excised tissue did not change appreciably during this time period, at least in terms of 

the passive acoustic and electric properties.  . Figure 14(b) depicts the trend in the value 

of K as the temperature of the tissue varied between room and body temperature. 

Although there is a steady increase followed by a decrease between these temperatures, 

the value of K at 24 ˚C (0.041 %/MPa) was very similar to the value at 37 ˚C (0.042 

%/MPa).      
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Figure 14.  (a) K measured at 24 ˚C during a 4.5-hour time window following tissue 
extraction. There was no particular trend relative to the mean (0.035 ± 0.0045 %/MPa, 
denoted by red dashed-line). (b) K measured at different temperatures. Red dashed-line 
represents a Gaussian moving average (4 points) through the data. Although there was a 
modest increase and decrease of K within this temperature range, K at room temperature 
(0.041 %/MPa) and body temperature (0.042 %/MPa) were very similar. 
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2.4 DISCUSSION 

This study described a system to measure K in ionic solutions and cardiac tissue. In 

electrolytes, very different behavior for K was observed in NaCl and CuSO4. The degree 

of dissociation of ions in solution affects the modulation of resistivity generated by the 

acoustic wave, resulting in different behavior with concentration. The concentration 

dependence of K for the salt CuSO4 can be explained by its divalent bonding and 

incomplete disassociation in solution. This was not observed for NaCl, a monovalent salt, 

because its disassociation is essentially independent of concentration. This behavior was 

predicted by Koerber, although never verified experimentally [Koerber 1909].  

The first estimate of K in fresh cadaver heart tissue is also provided here. Our estimate of 

K in 0.9% saline (0.034 ± 0.003 %/MPa) is within range of previous published values 

(0.01 - 0.1 %/MPa, Jossinet et al. 1998, 1999, Lavandier et al. 2000a, 2000b). The K 

value in the heart (0.041 ± 0.012 %/MPa) also falls in the same range.  Physiological 

saline contains 0.9% NaCl, which is approximately the salt concentration in extracellular 

fluid and blood. This likely explains why the K in 0.9% saline and cardiac tissue are 

similar. In Figure 13(b), the blue and red vertical bars represent the standard deviation for 

the K measurement in 0.9% saline and rabbit hearts, respectively. While the blue error 

bar measured in saline primarily indicates system error, the larger red error bar suggests a 

greater variation for K in cardiac tissue. Differences between individual hearts and tissue 

preparation (e.g. fiber orientation in the tissue sample when placed in the tunnel) may 

have contributed to the total variability.  
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There are other factors that potentially affected our measurement of K. The tissue was 

maintained at room temperature (24 ºC) rather than body temperature. However, results 

from an additional heart tested across a range of temperatures indicated that the values of 

K at 24 ºC and 37 ºC were similar, although a trend was observed between these 

temperatures. The amplitude of the AE signal as a function of temperature has been 

examined at cooler temperature in seawater, and there was no predictable trend observed 

[Fox 1946].   

In conclusion, this study has reported the first measurement of the acoustoelectric 

interaction constant K in cardiac tissue as 0.041 ± 0.012 %/MPa. It is in accordance with 

our expectation of it being close to the value of K in physiological saline. This parameter 

is important because it provides a baseline of the sensitivity of UCSDI for mapping 

bioelectricity, such as reentry currents during treatment of arrhythmias, and can be 

included in heart modeling studies. 
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CHAPTER 3 OPTIMIZING PARAMETERS FOR UCSDI SENSITIVITY 

 

3.1 INTRODUCTION 

In UCSDI, a small AE voltage signal is detected while scanning or sweeping an 

ultrasound beam to produce an image related to the local current densities. The 

magnitude of the AE signal in UCSDI is affected by several factors, including the 

amplitude of the current source, location and properties of the recording electrodes and 

details of the ultrasound beam, such as center frequency, aperture size and focal length. 

Because the amplitude of the AE signal in the heart is tiny (less than 1 µV), it is critical to 

optimize these parameters as much as possible.  This chapter will first examine the effect 

of the recording distance on the detection sensitivity (section 3.2), and then investigate 

the effect of the properties of the ultrasound transducer on the detected AE signal using 

computer simulations (section 3.3).  

 

3.2 UCSDI SENSITIVITY 

It is preferable to detect the current source as far as possible in UCSDI.  In this section, 

the effect of recording distance on the sensitivity of UCSDI in cadaver porcine tissue and 

Agarose gel phantom will be quantified. A clinical intracardiac catheter was chosen 

because it comprises multiple recording sites therefore provides a range of recording 

distances. It is also important to incorporate an existing commercial clinical catheter with 
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UCSDI, since the ultimate goal of this study is to bring UCSDI closer to the clinic for the 

pre-ablation cardiac mapping for treatment of arrhythmias. 

 

3.2.1 Methods for Quantifying UCSDI Sensitivity 

3.2.1.1 Materials and Preparation 

Gel phantoms were made of 1.5% Agarose™ and 0.9% NaCl in deionized water. Gels 

were cast into cylinders with 55 to 60 mm thickness and 45 to 50 mm diameter. The 

above dimensions were chosen to model the approximate thickness of the human 

myocardium. The central axis of the cylinder was made hollow to allow passage through 

the gel with approximately 2 mm diameter. A photograph of the gel phantom is shown in 

the top of Figure 15. 

Fresh porcine hearts were obtained according to protocols approved by the Institutional 

Animal Care and Use Committee (IACUC) at the University of Arizona. Tissue slabs 

were excised off the left ventricle of the heart and wrapped around to allow a pathway in 

the middle. The samples were then fixed in shape with surgical suture. Care was taken 

during the extraction of the samples such that their final shape had dimensions of 40 to 50 

mm along the long side (along the pathway in the middle) and 30 to 40 mm in cross 

section. Photograph of the porcine tissue sample is shown in the bottom of Figure 15. 
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The sample was placed in a customized imaging chamber printed using a 3D rapid 

prototyping machine (Objet Connex350, Full cure 720). For gel phantoms, a special-

made holder was placed on the side to prevent slippage during imaging. For heart tissue, 

warm gel (1.5% Agarose™ in deionized water) was poured in to the chamber and let cool 

down to room temperature to form a gel layer between the tissue and the bottom of the 

chamber. This helped keep the tissue in place during imaging, and minimize acoustic 

impedance mismatches. 
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Figure 15. Photographs of the samples. Top: gel phantom placed inside the imaging 
chamber. A: a 7F intracardiac catheter places in the central axis in the cylindrical gel 
phantom. B: the gel phantom. C: plastic holder to hold the get phantom in place during 
imaging. Bottom: porcine heart tissue placed in the imaging chamber. D: 0.9% NaCl 
saline gel poured into the chamber to hold the tissue in place during imaging. E: porcine 
tissue sample. 
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3.2.1.2 Instrumentation 

An intracardiac catheter (Biosense Webster, CristaCath™, 7F, 20 electrode) was 

advanced through the central pathway in the sample. Physiological saline (0.9% NaCl) 

could be added to the pathway to ensure good electrical contact. 

As depicted in Figure 16, one pair of platinum electrodes was used to directly pass 

current (Agilent 33220A function generator, 200Hz) through the sample. A 1-ohm 

resistor was placed in series with the current injecting electrodes to measure the voltage 

across it and thus obtain the current amplitude, which was captured on the channel 1 of a 

low frequency data acquisition board (National Instruments PXI-6289). The catheter 

recorded the signal and branched into two differential amplifiers. One amplifier 

(Preamble 1855, 1 MHz bandwidth) was connected after an analog high pass filter (200 

kHz cut-off-frequency) to record the high frequency AE signal, which was further 

amplified (Lecroy DA 1855A) by 50 times and captured on channel 2 of a high frequency 

data acquisition board (National Instruments PXI-5105). Another differential amplifier 

(Lecroy DA 1855A) captured the bypassed low frequency voltage signal, which was 

recorded on channel 2 of the low frequency data acquisition board. A 1MHz single-

element focused transducer (Panametrics, f = 68 mm, dia = 38 mm) was pulsed every 400 

µsec before, during and after the current injection (3 cycles at 200 Hz). The PE signal 

received by the transducer was simultaneously recorded on channel 1 of the high 

frequency data acquisition board. The transducer was scanned along or across the sample 

to form UCSDI and PE images. 
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Figure 16. UCSDI System instrumentation for evaluating the effect of recording 
electrodes distance. I represents the function generator. T/R is short for transmit/receive, 
which represents the ultrasound pulsar/receiver. NI denotes the National Instruments data 
acquisition system. HF and LF denote the high frequency and low frequency data 
acquisition boards respectively. CH 1 and 2 on the HF board are PE and AE channel 
respectively. CH 1 and 2 on the LF board are current and voltage channel respectively. 
E1~10 denotes the connecters for electrode 1~10 on the catheter. E11~20 denotes the 
connecters for electrode 11~20 on the catheter. HPF denotes high pass filter. 
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3.2.2 Results of UCSDI Sensitivity Measurement 

3.2.2.1 UCSDI in Gel Phantom  

Figure 17 demonstrates the process of forming images from radiofrequency signals of a 

current monopole in a cylindrical gel. Raw radiofrequency (RF) AE signals (Figure 

17(a)) were acquired on the data acquisition system. The RF signal was band pass filtered 

in the frequency domain to reduce noise, and then its envelope (Figure 17(b), red dashed-

line) was extracted. A series of AE signals collected during a sweep scan of the 

transducer were processed the same way and formed into a UCSDI image of the 

monopole (Figure 17(c)). Simultaneously acquired PE signals were processed in a similar 

fashion except that the space coordinates were calculated based on the two-way travel of 

ultrasound (Figure 17(d), Figure 17(e), Figure 17(f)). Images presented in this section 

were created following the same process. 

AE signals from a monopole in a cylindrical gel were recorded with the same electrode 

on the catheter at different current levels (Figure 18(a)). The magnitudes of the AE 

signals were used to generate a best-fit line with a slope of 4.7 µV/mA and R2 of 0.999. 

This indicates that a larger AE signal was recorded for increasing current. In the images, 

the monopole appeared weaker at smaller current, but remained detectable and visible at 

a current level near 1 mA, cons istent with previous phantom experiments [Witte 2007]. 

This suggests that the UCSDI sensitivity detecting the monopole using intracardiac 

catheter in the cylindrical gel was 4.7 µV/mA and within the range of detecting 

physiologic current. Effect of recording distance (distance from the recording electrode to 
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the monopole) on UCSDI was also studied (Figure 18(b)).  Different electrodes on the 

catheter were used to measure the AE signal, while the current was kept constant. At 

recording electrodes further away from the monopole, the detected AE signal was smaller 

in amplitude, but still detectable more than 25 millimeters from the source. 

 

Figure 17. PE and UCSDI images of a current monopole in cylindrical gel and 
corresponding radiofrequency signals. Left column: unfiltered AE signal (a) and 
unfiltered PE signal (d). Middle column: band pass filtered AE signal (b) and band pass 
filtered PE signal (e). Red dashed lines delineate the envelopes of the radiofrequency 
signals.  Right column: co-registered hot color UCSDI image (c) of a monopole.and gray 
scale PE image (f) Red dashed-line through the center of the images corresponds to the 
envelope of AE and PE signals in the middle column. Images are displayed in dB scale 
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Figure 18.  Effect of current amplitude and the effect of recording electrode distance on 
the sensitivity of UCSDI in cylindrical gel. (a): AE signal magnitude at various current 
levels. Red line is the best-fit line with slope of 4.7 µV/mA and R2 of 0.999. Image of the 
monopole corresponding to each data point is displayed above the data. The inset is the 
enlarged version of the image corresponding to the highest current level. (b): AE signal 
magnitude at various recording distances. Standard deviation of the multiple 



 68 

measurements for each data point is displayed as an error bar. Red line is the best-fitted 
line with slope of -3.56 µV/mm and R2 of 0.92. Image of the monopole corresponding to 
each data point is displayed above the point. The inset is the enlarged version of the 
image corresponding to the nearest distance. Images are displayed on a linear scale. 
 

3.2.2.2 UCSDI in Excised Porcine Tissue 

Figure 19 depicts the results of imaging current injected into the excised porcine heart. A 

monopole was generated by the current injecting electrodes (marked by the white arrow 

in Figure 19(b)). UCSDI and PE images of the monopole were superimposed to provide 

more anatomical detail. The position of the monopole relative to the surface of the heart 

is displayed in Figure 19(a) and Figure 19(c). 

Sensitivity of UCSDI was also investigated in porcine heart tissue using the monopole 

current pattern. In Figure 20, AE signal magnitudes measured on the same electrode 

(recording distance 20 mm) at various current levels are presented. The best-fit line for 

the data had a slope of 3.2 µV/mA, and a R2 of 0.92. Less AE signals were recorded at 

smaller currents, consistent with the phantom experiments and previous publications 

[Witte 2007] At a current level of less than 5 mA in porcine heart tissue, the AE signal 

was readily detectable at recording distance of 20 mm. 
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Figure 19. Images of a monopole injected into fresh porcine heart tissue. (a): photograph 
of the excised porcine heart sample. Arrow 1 denotes the curved surface of the heart. 
Arrow 2 denotes bottom of the gel/heart interface. (b): photograph indicating the 
dimensions of the sample. The arrow points to the electrode that was used to record the 
AE signals from the interaction between the ultrasound and monopole distribution (c): 
Superimposed UCSDI image (hot) and PE image (gray) of the sample. Arrow 1 points to 
the location corresponding to the arrow 1 in (a). Arrow 2 points to the location 
corresponding to the arrow 2 in (a). Images are displayed in dB scale. 
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Figure 20.  Effect of current amplitude on the sensitivity of UCSDI in porcine heart. Red 
line is the best-fit line with slope of 3.2 µV/mA and R2 being 0.92. Envelope and 
radiofrequency signal corresponding to each data point are displayed above the data. The 
inset represents the enlarged version of the radiofrequency signal corresponding to the 
highest current level. 

 

3.3 OPTIMIZING ULTRASOUND PARAMETERS FOR UCSDI  

The spatial resolution for UCSDI is defined primarily by the shape of the ultrasound 

beam b(x,y,z).  An ultrasound focus with a small axial beam width (higher frequency) 

provides better details at the cost of a smaller integration volume in equation (9), 
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therefore a smaller AE signal magnitude. On the other hand, UCSDI sensitivity is 

affected by several factors. It has been demonstrated in the past that ultrasound pulse 

coded excitation can enhance the sensitivity. It is also clear from equation (9) that 

detected AE signal amplitude is proportional to the ultrasound pressure applied (P0). It 

has also been demonstrated in section 3.2 that the distance between recording lead and 

the current source also influence the sensitivity.  In this section, the effect of ultrasound 

transducer parameters will be examined using simulation. This will help optimize UCSDI 

further towards clinical use. 

 

3.3.1 UCSDI Simulation Methods 

3.3.1.1 Modelling Ultrasound Field 

UCSDI simulations required full 3-dimensional acoustic and electric field modeling. The 

ultrasound field of a commercially available single-element focused transducer was 

simulated using Field II™ package. The Field II™ simulation package relies on linear 

system theory to imitate the ultrasound field for both pulsed and continuous wave 

ultrasound field. With Field II™, parameters such as transducer geometry, apodization, 

central frequency and focal length are set by the users, and then the ultrasound pressure 

field b(x, y, z) can be simulated by separating the transducer surface into small squares, 

and the response of the transducer is the sum of the responses of these squares using far-

field approximation.  
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An array of transducers with different ultrasound parameters: center frequencies (0.3, 0.5, 

0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8 and 2 MHz), and f-numbers (1, 1.4, 1.8, f/# = focal length / 

aperture diameter)  were created using Field II™. An example of the focal plane (XY 

plane) of the simulated pressure field of a single element focused transducer with center 

frequency of 1MHz and f-number being 1.8 and center frequency at 0.5 MHz is depicted 

in Figure 21. 

 

Figure 21.  Example of the simulated ultrasound field. Simulated acoustic field of a 1 
MHz single element focused transducer with f/# being 1.8 using Field II™ on the XY 
plane (Z is the direction of the ultrasound propagation).   
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3.3.1.2 Modelling the Phantom 

The next step is to simulate a conductive phantom with certain current distribution. Using 

COMSOL Multiphysics™, a finite element solver, a series of rectangular phantoms 

containing confined cylindrical current of different size (dia = 0.2, 1, 2, 3, 4 mm) passing 

through the middle of the sample along the long axis were built. The electrical current in 

these phantoms are set to be DC. This is appropriate and sufficient for the simulation 

because the frequency of the cardiac electrical activity of interest is typically DC to 10 

Hz, which is a lot slower that than the ultrasound frequency used (around MHz) for 

cardiac imaging, as demonstrated in Figure 24. Using the 2 mm cylindrical current as an 

example, the local electric current density distribution JI (as in equation (9)) inside the 

phantom was generated by COMSOL. Two recording electrodes (10 mm apart) were 

placed near the top surface of the phantom for detecting the AE signal, location depicted 

as the green dots in Figure 22. Lead field of the recording electrodes were solved by 

COMSOL based on reciprocity theorem [Malmivuo and Plonsey 1995], which states that 

the shape and distribution of the lead field are the same as those of the electric field when 

unit current is injected through the lead. Dimensions and the electrical parameters of the 

phantom were consistent with the properties (conductivity, physical dimensions, etc.) of 

rabbit heart tissue.  
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Figure 22. (a) Rectangular phantom (4 mm X 10 mm X 20 mm) with confined cylindrical 
current (dia = 2 mm). One pair of recording electrodes (green dots) were placed near the 
top surface of the phantom. (b) Top view of the phantom with the locations of the 
recording electrodes.   
 

3.3.1.3 Realistic Heart Model 

In order to simulate UCSDI in a more realistic way, a more detailed 3-dimensional 

realistic whole heart model was also constructed using COMSOL Multiphysics™ 

(courtesy of Sovilj et al 2013) [Sovilj 2003], as shown in Figure 23. The model considers 

the heart as a volume conductor, with the conduction path defined by assigning 

parameters representing extracellular conductivity and other significant cardiac 

parameters (recovery period variable governing refractoriness etc) for each distinctive 

anatomical region of the heart. To effectively simulate the cardiac action potential, 

Rogers modified FitzHugh-Nagumo model was used [Rogers 1994][Dokos 2007].  For 
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each anatomical region of the heart with specialized cardiac cells, the FitzHugh-Nagumo 

equations state that: 

𝜕𝑉!
𝜕𝑡 −

𝜕𝑉!
𝜕𝑡 + ∇ ∙ −𝜎!∇𝑉! = 𝑖!"#, 

    (11) 

𝜕𝑉!
𝜕𝑡 −

𝜕𝑉!
𝜕𝑡 + ∇ ∙ −𝜎!∇𝑉! = 𝑖!"#, 

   (12) 

𝜕𝑢
𝜕𝑡 = 𝑘𝑒[

𝑉! − 𝐵
𝐴 − 𝑑𝑢 − 𝑏] 

    (13) 

𝑖!"# = 𝑘𝑐! 𝑉! − 𝐵 𝑎 −
𝑉! − 𝐵
𝐴 1−

𝑉! − 𝐵
𝐴 + 𝑘𝑐!𝑢 

   (14) 

𝑖!"# = 𝑘𝑐! 𝑉! − 𝐵 𝑎 −
𝑉! − 𝐵
𝐴 1−

𝑉! − 𝐵
𝐴 + 𝑘𝑐!𝑢(𝑉! − 𝐵) 

 (15) 

where 𝑉! is the extracellular potential, 𝑉! the intracellular potential, 𝑉! = 𝑉! − 𝑉!, 𝜎! the 

extracellular conductivity, 𝜎!  the intracellular conductivity, u the recovery variable 

controlling cellular refractoriness, and A,   B,   a,   b,   c1,   c2,   d,   e,   k are region-specific 

parameters.  𝑖!"# is defined as equation (14) within sinoatrial (SA) node, and as equation 



 76 

(15) with in the walls of atria, ventricles, atrioventricular (AV) node, bundle of His, 

bundle branches and Purkinje fibers. 

The above equations were installed in COMSOL Multiphysics™ with the region-specific 

parameters defined for different parts of heart. With these properly assigned model 

parameters, action potential occurred in the SA node spontaneously and periodically, and 

then propagates through the atria, gets delayed at the AV node before reaching the His 

bundle, which then activates the Purkinje fibers and the rest of the ventricular mass, as 

mentioned in chapter 1. The simulated conduction path is depicted in Figure 23(a). One 

pair of recording electrodes is placed on the myocardium surface as shown in Figure 

23(b). The lead field associated with the recording electrodes was also solved in 

COMSOL. The model outputs the electrical activity in one cardiac cycle in 1 ms time 

steps. 
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Figure 23. Simulated heart model. (a) YZ cross section of the conduction path of the 
simulated heart model. 1 = sinoatrial node, 2 = atria, 3 = atrioventricular node, 4 = bundle 
of His, 5 = bundle branches, 6 = Purkinje fibers, 7 = ventricular myocardium. The 
simulated actional potential propagate from region 1 to region 7 in sequence. (b) A pari 
of recording electrodes placed on the ventricular myocardium. Lead field of the  recirding 
electrodes is generated using COMSOL Multiphysics.  
 

3.3.1.4 Modelling UCSDI 

The electric and acoustic simulations were then combined in MATLAB™ for calculating 

the amplitude of the AE signal based on equation (9). The simulated ultrasound beam 

was originally focused at the center of the phantom, also at the center of the current path. 

UCSDI maps were  produced by simulating sweep scans of the ultrasound beam on the 

XY plane. The effect of the properties of the ultrasound transducer on the AE signal and 

UCSDI were evaluated by testing a series of ultrasound center frequencies and f-numbers 

in samples with different diameters of direct current flow (Figure 25, top).  

For UCSDI simulation based on the heart model, the low frequency simulated ECG 

signal (Figure 24, top) is sampled by the ultrasound pulses (Figure 24, bottom) at 

multiple time points. Two typical time points, atrial and ventricular depolarization 

(marked with red dots in Figure 24), are used here to demonstrate UCSDI simulation and 

the comparison between UCSDI images using different ultrasound parameters. For each 

time point, the simulated ultrasound beam was originally focused near the center of the 

model. Then UCSDI maps were produced by simulating sweep scans of the ultrasound 

beam along the long axis (Y axis) of the heart. 
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Figure 24. Top: simulated cardiac cycle with two points of interest (atrial depolarization 
and ventricular depolarization respectively) marked. 1 – atrial depolarization. 2 – 
ventricular depolarization. Bottom: timing diagram of the ultrasound pulses. 
 

3.3.2 Simulation Results 

3.3.2.1 Cylindrical Current Model 

The simulated UCSDI images for phantoms with different diameters of cylindrical 

current flow using a 1 MHz, f/1.8 transducer are presented in Figure 25 respectively (left 

to right: dia = 0.2, 1, 2, 3, 4 mm). The images are shown on the same scale. The limit of 

spatial resolution for UCSDI is clearly shown in this case. When the diameter of the 

cylindrical current feature is bigger than 3 mm (the 3 mm and 4 mm current cases), the 

Time [ms] 0 500 

Ultrasound 
bursts 

ECG 

2 

1 

 

 



 79 

upper and the lower boundaries can be distinguished from each (last two images from 

bottom right). It is also noticeable that the upper boundary of the cylindrical current 

appears brighter than the lower boundary in the images. This is because the recording 

electrodes were placed near the top surface of the phantom, therefore closer to the upper 

boundary of the current, which leads to a stronger lead field. According to equation (9), 

this will lead to a bigger AE signal near the upper boundary.  

 

Figure 25. Top: the XZ cross section of the rectangular phantoms with confined 
cylindrical current in the middle. The amplitudes of the current density in all five 
phantoms are the same. Bottom: the UCSDI images of the phantoms.  
 

The effect of ultrasound transducer center frequency on the amplitude of the AE signal is 

presented in Figure 26. The AE peak amplitude generated at 0.3, 0.5, 0.6, 0.8, 1, 1.2, 1.4, 

1.6, 1.8 and 2 MHz for each cylindrical current phantom is plotted in the Figure 26 (a). It 

is clear that bigger AE signals are produced at lower ultrasound frequencies. In the Figure 

26(b), the same relation for the 2 mm current case is replotted on a different axis – 
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ultrasound wavelength. Longer wavelength leads to a bigger integration volume in 

equation (9), therefore produces bigger AE signal.  

Effect of the ultrasound transducer f-numbers on AE signal were also investigated in the 

2 mm current phantoms. Three f-numbers (1, 1.4 and 1.8) were tested at 0.5 and 1 MHz 

with the ultrasound beam focused at the center of the phantom. The resulted AE peak 

amplitude for each scenario is listed in table 1. Note that all the transducers with different 

properties simulated have the same normalized pressure. It is clear that a lower f-number 

produces a larger AE signal.  This is because a transducer with a smaller f-number 

delivers a more focused, more energy-concentrated beam. However, transducer with f-

number close to 1 is difficult to fabricate (table 1 first column). The ultrasound transducer 

with properties of 0.5 MHz, f/1.4 produced 16 times larger AE signal than the 1 MHz, 

f/1.8 transducer. Experimental result using these optimized ultrasound parameter in 

isolated live rabbit hearts will be presented in chapter 4.  
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Figure 26. Relation between ultrasound frequency and AE signal amplitude. (a): effect of 
the ultrasound center frequency on the AE signal peak amplitude for the 5 phantoms (0.2, 
1, 2, 3 and 4 mm cylindrical current) as shown in Figure 25. (b): For the 2 mm cylindrical 
current phantom, the same effect as in (a) is plotted on the wavelength axis. 
 

Table 1 Effect of the f-number on AE signal 

   f/# = 1 f/# = 1.4 f/# = 1.8 

Freq = 0.5 MHz 5.9 5.5 4.9 

Freq = 1 MHz 0.66 0.69 0.68 
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3.3.2.2 Heart Model 

Result for the UCSDI simulation during apical depolarization in the heart model is shown 

in Figure 27, and the ventricular depolarization case shown in Figure 28. All images are 

shown on the same scale. Three different ultrasound frequencies – 0.5, 1 and 2 MHz were 

tested for comparison for each case. The tradeoff between UCSDI sensitivity and spatial 

resolution is clearly demonstrated in these images. Higher ultrasound frequency means a 

smaller beam width, which leads to an image with higher resolution, such as the UCSDI 

images produced using the 2 MHz ultrasound in Figure 27 and Figure 28. On the other 

hand, a smaller beam width also lead to a smaller integration volume in equation (9), 

which results in a smaller AE signal amplitude, which is manifested in Figure 27 and 

Figure 28 as well.  
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Figure 27. Effect of ultrasound frequency on the image resolution and UCSDI sensitivity 
during atrial depolarization. The contour of the heart is indicated using red dotted lines. 
Top left: simulated cardiac cycle with the time point of interest marked with the red dot. 
Top right: the simulated current density pattern on the YZ (X = 0) plane at the chosen 
time point (atrial depolarization). Bottom: the simulated UCSDI images using ultrasound 
frequency of 0.5, 1 and 2 MHz. 
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Figure 28. Effect of ultrasound frequency on the image resolution and UCSDI sensitivity 
during ventricular depolarization. The contour of the heart is indicated using red dotted 
lines. Top left: simulated cardiac cycle with the time point of interest marked with the red 
dot. Top right: the simulated current density pattern on the YZ (X = 0) plane at the 
chosen time point (ventricular depolarization). Bottom: the simulated UCSDI images 
using ultrasound frequency of 0.5, 1 and 2 MHz. 

 

3.4 DISCUSSION 

In section 3.2, the effect of the recording distance on the UCSDI sensitivity was 

investigated. There is a difference between the sensitivity measured in the gel phantom 

(4.7 µV/mA, R2 = 0.999, Figure 18(a)) and in porcine heart tissue (3.2 µV/mA, R2 = 0.92, 

Figure 20). This might be due to the heterogeneity (e.g. muscle fiber orientation within 
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the sample) of biological tissue. Heterogeneous medium has more variability in the 

gradient of the current field, which leads to more variability in the measured AE signal 

amplitude. The lower sensitivity (slope) in porcine heart tissue than in the cylindrical 

NaCl gel might be caused by several factors, such as the difference in the interaction 

constant K for the two materials, differences in conductivity, etc. 

In section 3.3, the effect of ultrasound transducer frequency and f/number on the 

amplitude of AE signal was assessed in cylindrical current distribution and realistic heart 

model using simulation. There is a inherent tradeoff between UCSDI sensitivity and 

spatial resolution, which is clearly demonstrated in Figure 27 and Figure 28. For 

improving the sensitivity and signal to noise ratio of UCSDI, a transducer with a lower 

frequency (longer wavelength) is more effective, due to a larger integration volume 

(equation (10)). Although this reduces spatial resolution, the improvement in sensitivity 

is critical for detecting and mapping small current densities in the heart using UCSDI. As 

for the effect of f-number, presented in Table 1, it is clear that a transducer with a lower 

f-number produces higher sensitivity since the ultrasound beam is more concentrated. 

However a transducer with an f/number equal to 1 is difficult to fabricate in practice. 

Therefore, the overall optimal ultrasound transducer for UCSDI was chose to be 0.5 MHz 

with f/number being 1.4, which will be implemented and tested in chapter 4. 

  



 86 

CHAPTER 4 UCSDI IN LIVE RABBIT HEARTS 

 

4.1 INTRODUCTION 

As described in section 1.5, one potential drawback of UCSDI for cardiac mapping is that 

the technique requires detecting a small signal close to background noise. However, 

according to equation (9), both the ultrasound and electrode properties, such as 

impedance, geometry and distance, affect the sensitivity and spatial resolution of UCSDI. 

The effect of recording electrode distance has been demonstrated in section 3.2. This 

chapter will expand further and investigate the effect of electrode recording configuration 

in live rabbit heart using Langendorff preparation.  Meanwhile the optimized ultrasound 

transducer properties from section 3.3 will be tested.   

Two-dimensional and 3-dimensional mapping of the cardiac activation wave will also be 

demonstrated for the first time using a pair of recording electrodes on a clinical lasso 

catheter placed on the epicardium. These are important steps towards optimizing UCSDI 

and translating this technology to patients for fast EP mapping during ablation treatment 

for arrhythmias. 

 

4.2 METHODS AND INSTRUMENTATION 

 



 87 

4.2.1 Langendorff Isolated Rabbit Heart 

All procedures were in accordance with the Institutional Animal Care and Use 

Committee (IACUC) at the University of Arizona. This study describes results from five 

adult New Zealand white rabbits, which were anaesthetized (ketamine and xylazine) and 

heparinized. Immediately following euthanasia (Beuthanasia-D), the hearts were quickly 

excised, cannulated and mounted to a Langendorff perfusion system (Radnoti 120103EZ) 

with a flow controlled retro-perfusion of Kreb-Henseleit (K-H) buffer, as shown in 

Figure 29. More details about the procedure of obtaining the rabbit heart can be found in 

Appendix C. The K-H buffer (NaCl, 117 mM; KCl, 4 mM; MgSO4, 1.2 mM; KH2PO4, 

1.1 mM; glucose, 5 mM; NaHCO3, 25 mM; and CaCl2, 2.6 mM, Appendix A) was placed 

in a reservoir, oxygenated with a mixture of 95% O2 and 5% CO2, pH balanced to 7.44 

and maintained at 37˚C. 2,3-Butanedione monoxime (BDM), an electromechanical 

decoupler, was optionally added to the buffer solution to limit motion of the heart while 

preserving electrical conduction. The buffer solution was driven by a peristaltic pump 

(Masterflex® L/S, 7518-60, Cole Palmer®) from the reservoir through a bubble trap to 

the cannulated heart. More details of the Langendorff system can be found in Appendix 

B.  
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Figure 29. Langendorff setup for UCSDI of the live rabbit heart and schematic diagram 
of the data acquisition (DAQ) system. The heart was perfused with 37ºC Kreb-Henseleit 
(K-H) buffer by Radnoti 120103EZ perfusion system. The ultrasound transducer (US 
xducer) was immersed in the 38ºC water tank underneath the heart and driven by a 
pulse/receiver (T/R). Recording electrodes were placed in or on the heart to detect both 
high frequency AE signals and low frequency electrocardiography (ECG) signals. HPF 
and LPF are the high and low pass filters for separating the AE and ECG signals. The 
high frequency AE signal and pulse echo (PE) were recorded by a NI high-speed digitizer 
(HF); the standard low frequency (LF) ECG was recorded by a multifunction DAQ card. 
 

4.2.2 Experimental Setup 

The diagram of the experimental setup is shown on the right side of Figure 29 and an 

actual photograph of the experimental setup is shown in Figure 30. The cannulated heart 
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was placed inside a custom made plastic chamber (“G” in Figure 30) printed using a 3D 

rapid prototyping machine (Objet Connex350) with the left ventricle (LV) facing down 

on top of a thin acoustic window made of Mylar®. The chamber was coupled to a large 

water tank (“H” in Figure 30) that contained a focused ultrasound transducer (“E” in 

Figure 30). The tank was maintained at 38˚C to provide a physiologic environment for 

the heart.  

The heart was paced with a pair of platinum needle electrodes (Grass Technologies®, “B” 

in Figure 30) either at the right atrium (RA) or LV, as shown in Figure 27. The pacing 

signal was a 1 volt rectangular pulse with a duration of 1 ms emitted by a function 

generator (Agilent 33220A). The pacing rate was set slightly above the intrinsic rate, 

typically 2.5 to 4 Hz. 
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Figure 30. Photograph of the experimental setup. A: Aortic cannula. B: pacing electrodes. 
C: rabbit heart. D: a clinical intracardiac catheter being placed onto the epicardium. E: 
ultrasound transducer submerged in the water underneath the imaging chamber. F: water 
tank. G: imaging chamber. H: immersion heater used to keep the water tank warm. 
 

Three electrical recording schemes were employed to detect signals from the right 

ventricle (RV): 1) two intramuscular tungsten needle electrodes inserted into the 

myocardium parallel to the long axis of the heart; 2) a pair of platinum disk electrodes 

(diameter = 2 mm) on a custom 18 element epicardial grid array (Ad-Tech Medical 

Instrument Corp.) placed on the epicardium; and 3) a pair of stainless steel electrodes on 

a 7F clinical cardiac catheter (Bioscience Webster® Lasso™) placed on the epicardium. 
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The electrodes detected both the AE signal and the low frequency ECG signal (separable 

by high and low pass filters, as displayed in Figure 29, right). 

Two single element focused ultrasound transducers were used for the experiments, 

including one with a center frequency of 0.5 MHz (Olympus Panametrics-NDT™, V389, 

f = 54.6 mm, dia = 38 mm, f/# = 1.4) and the other one at 1.0 MHz (Olympus 

Panametrics-NDT™, A392S, f = 63.5 mm, dia = 38 mm, f/#  = 1.7). For the first 

electrode configuration, both transducers were implemented for comparison. For the 

other configurations, only the 0.5 MHz transducer was used. The transducer was attached 

to a programmable stepper motor (Velmex Inc., “C” and “D” in Figure 31), which 

controlled the position of the ultrasound beam. 

 

4.2.3 Data Acquisition 

As illustrated in Figure 29, the AE and ECG signals were detected simultaneously and 

separated by high and low pass filters. One branch went through the high pass filter (cut-

off frequency = 100 kHz for the 0.5 MHz transducer, and 470 kHz for the 1 MHz 

transducer), preserving the AE signals modulated by the ultrasound beam. The AE signal 

was then differentially amplified (LeCroy DA 1855A, “L” in Figure 31) by 20 dB and 

collected on a digitizer card (National Instruments PXI 5105, sampling rate = 10 MHz, 

“HF” in Figure 29) with another 40 dB gain. The other branch went through a low pass 

filter (cut-off frequency = 100 kHz), preserving only the ECG signal, which was then 
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amplified by 20 dB and collected on a multifunctional DAQ card (National Instruments 

PXI 6289, sampling rate = 20 kHz, “LF” in Figure 29). A photograph depicting these 

instruments is presented in Figure 31. 

 

Figure 31. Photograph of the system and apparatus. A: custom made 16 channel signal 
conditioning box. B: power supply for A. C: XYZ step motor. D: motor controller. E: 
multichannel data acquisition. F: trigger controller. G: oscilloscope. H: signal 
generator/stimulator. I: ultrasound pulsar/receiver. J: Power amplifier. K: water tank with 
ultrasound transducer. L: commercial signal amplifier. Equipment C – L were used for 
the setup described in section 4.2.2 and 4.2.3. Equipment A – K were used for he setup 
described in section 4.2.5. 
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The experimental timing was also controlled by the multifunctional DAQ card, which 

generated two triggers: (1) the pacing trigger to the function generator (Agilent 33220A) 

for stimulating the heart, and (2) a 2 kHz burst trigger to another function generator 

(Keithley 3390), which sent out a frequency-encoded excitation signal (chirp) for pulsing 

the ultrasound transducer. Chirp excitation has been shown to be superior to short pulse 

excitation for detecting the AE signal [Qin 2012]. The chirp signals used for this work 

had 20 µs duration, 1.0 MHz center frequency and 0.54 MHz bandwidth for the 1 MHz 

transducer and 0.5 MHz center frequency and 0.27 MHz bandwidth for the 0.5 MHz 

transducer. The first ultrasound trigger for each cardiac cycle coincided with the pacing 

trigger, as shown in Figure 32: Timing diagram of heart pacing, ultrasound pulsing, ECG 

recording, and AE signal acquisition. The heart was paced at 3 Hz or above its intrinsic 

rate. Each ultrasound trigger caused the waveform generator to produce a chirp excitation 

to the ultrasound transducer. The repetition rate of the ultrasound triggers (2 kHz) 

determined the sampling rate of the cardiac activation sequence. The low frequency ECG 

was recorded simultaneously on the same electrodes. 

At each ultrasound trigger, the digitizer card (PXI 5105) acquired an RF trace (i.e. the AE 

signal), as displayed at the bottom of Figure 32. The AE signal is typically strongest 

during the R-wave of the cardiac cycle. Meanwhile, a pulse receiver (Olympus® 5077PR, 

“I” in Figure 31) captured the pulse echo signals, which were simultaneously acquired 

with the HF acquisition system. 
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Figure 32: Timing diagram of heart pacing, ultrasound pulsing, ECG recording, and AE 
signal acquisition. The heart was paced at 3 Hz or above its intrinsic rate. Each 
ultrasound trigger caused the waveform generator to produce a chirp excitation to the 
ultrasound transducer. The repetition rate of the ultrasound triggers (2 kHz) determined 
the sampling rate of the cardiac activation sequence. The low frequency ECG was 
recorded simultaneously on the same electrodes. 
 

The AE signals presented in Figure 32 correspond to different time points during the 

cardiac cycle at a single location of the ultrasound transducer. Each of these traces is 

called an A-line. An M-mode image comprises a sequence of A-lines acquired at 
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consecutive time points during the cardiac cycle (see Figure 33). B-mode images 

comprise a collection of A-lines acquired along a line perpendicular to the ultrasound 

beam. Volume UCSDI is formed by a collection of A-lines at different positions in the 

heart.  

 

4.2.4 Signal Processing 

To preserve the spatial resolution from ultrasound frequency coded excitation, a pulse 

compression algorithm was applied to both the AE and PE signals. Each A-line was then 

filtered by a band-pass filter to reduce noise. The pass-band was 0.3-0.8 MHz for the 0.5 

MHz transducer and 0.5-1.2 MHz for the 1 MHz transducer. Another band-pass filter 

(10-85 Hz) was further applied to the M-mode data matrix along the physiologic-time 

axis. Finally, each AE signal was demodulated and low-pass filtered to obtain the 

baseband signal. This produced a color M-mode with color and intensity indicating the 

direction and strength of the current density field, as shown in Figure 33 (middle left). 

The vertical traces (Figure 33, bottom left) of the M-mode image represent the baseband 

AE signals at corresponding time points during the cardiac cycle, while the horizontal 

traces (Figure 33, right) represent the AE derived ECG signals (ECGAE) at different 

depths in the path of the ultrasound pulse. The same filter was also applied to the 

conventional ECG (Figure 33, top left) so that it could be compared directly to the 

ECGAE signals. Activation times were determined from the delay between the pacing 

pulse and the peak of the ECG envelope. The effect of the electrode configuration and 
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ultrasound frequency on the AE signal and UCSDI are investigated in the next two 

sections using the custom Langendorff setup for mapping the live rabbit heart. 

 

Figure 33. Color M-mode UCSDI and ECG signal reconstruction. (top-left) measured 
low frequency ECG signal (ECGLF);(middle-left) color M-mode UCSDI image formed 
from the baseband AE signal, the horizontal axis represents slow time in millisecond (ms) 
starting from the pacing signal; the vertical axis represents the depth in millimeter (mm) 
from the ultrasound transducer element; (bottom-left) Envelope of the AE signals at three 
different time points (72, 90, and 100 ms); (right) ECGAE at three different depths (48, 
57, 66mm) denoted by the horizontal green dashed lines in the color M-mode image. The 
depth values refer to the position relative to the ultrasound transducer at the origin.  
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4.2.5 Multichannel UCSDI 

For multichannel recording, experimental setup was slightly modified from the previous 

experiment as described in section 4.2.2, as shown in Figure 34 and Figure 35. There are 

3 differences. 

1. The same catheter, a 7F Bioscience Webster® Lasso™, was implemented. The 

pliable recording tip of the catheter was bent to form a circle as shown in Figure 

32. The first 10 of the 20 recording electrodes on the catheter were employed to 

form 5 pair of recording leads, recording signal on 5 differential channels. The 

arrangement of the 5 leads on the catheter is specifically chosen to minimize the 

effect of lead field (to produce a more evenly distributed lead field), as illustrated 

in Figure 32. The five leads detected simultaneously AE and ECG signals. The 

catheter was placed underneath the heart to maintain the best electrical contact for 

all the 5 leads.  

2.  The signals recorded from all 5 leads were separated and amplified by a custom 

made signal conditioning box (“A” in Figure 31, close-up photograph shown in 

Figure 36). The signal conditioning box contains multiple printed circuit (PCB) 

boards (bottom of Figure 33). Each PCB board has adjustable gain and filter 

settings, as well as the choice between single ended or differential inputs. 

Photographs of the box were presented in Figure 33. 
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3. Only the 0.5 MHz transducer (Olympus Panametrics-NDT™, V389, f = 54.6 mm, 

dia = 38 mm, f/# = 1.4) was used for the multichannel UCSDI. 

The rest of the data acquisition process and the signal processing technique are the same 

as previously described in section 4.2.3 and 4.2.4.  

 

 

Figure 34. Schematic of the Langendorff setup for UCSDI of live rabbit hearts and 
diagram of the experimental setup. The heart was perfused with 37oC K-H buffer by the 
perfusion system. The ultrasound transducer (US xducer) was immersed in the 38oC 
water tank below the heart and driven by a power amplifier (PA) with a chirp pulse 
waveform. A clinical catheter with 20 electrodes was placed on the epicardium to detect 
AE signals, as well as the ECG. A custom-made signal conditioning (SC) system was 
used to separate and amplify the low frequency ECG signals (ECGLF) and high frequency 
AE signals. These signals were then amplified and digitized by a data acquisition (DAQ) 
system. 
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Figure 35. Top left: Photograph of heart during multichannel recording with the catheter 
placed underneath heart. Bottom left: Photograph of the catheter taken from the reflection 
in a mirror. Right: diagram of lead arrangement on the catheter. Ten electrodes were 
formed into five leads. 
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Figure 36. Top: photograph of the multichannel signal conditioning box. Bottom: one of 
the multiple PCB boards in the box, with adjustable gain and filter setting.  
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4.2.6 Reconstruction Based on UCSDI 

Section 1.3 described the UCSDI imaging equation (9). For the 0.5 MHz transducer, 

which has an estimated fractional bandwidth of 80%, the axial resolution along the Z 

direction (the ultrasound propagation direction) is approximately 1.25λ = 3.75 mm. This 

depth of view is enough to cover the thickest part of the LV and RV walls in the Z 

direction. Assume the tissue property is homogeneous inside the imaging region, 

equation (9) can be rearranged as 

𝑉!!" 𝑥!,𝑦!, 𝑡 = −𝐾𝑃!𝜌! 𝑱𝒊𝑳 𝑥,𝑦 ∙ 𝑱𝑰 𝑥,𝑦 𝑏 𝑥 − 𝑥!,𝑦 − 𝑦! 𝑑𝑥𝑑𝑦 

⋅ 𝑎 (𝑡 − 𝑧/𝑐)𝑑𝑧      (16) 

From an imaging perspective, equation (16) described the forward problem of UCSDI 

with beam scan. 

Assume the beam is narrow,  

𝑏 𝑥,𝑦 ≈ 𝑏!𝛿!(𝑥,𝑦)     (17) 

where 𝛿!(𝑥,𝑦) is the 2-dimension Dirac delta function. 

Define 

𝐴 𝑡 =    𝑎(𝑡 − 𝑧/𝑐)𝑑𝑧      (18) 

and 
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𝐾! = −𝐾𝑃!𝜌!𝑏!     (19) 

Equation (16) becomes 

𝑉!!" 𝑥!,𝑦!, 𝑡 ≈ 𝐾!(𝑱𝒊𝑳 𝑥!,𝑦! ⋅ 𝑱𝑰(𝑥!,𝑦!))𝐴(𝑡)    (20) 

From equation (20), it is clear that the exact time point of 𝐴(𝑡) does not matter for the 

reconstruction. Choose one time point 𝑡! when 𝐴(𝑡!) = 𝐴! and equation (15) becomes 

𝑉!!" 𝑥!,𝑦! ≈ 𝐴!  𝐾!(𝑱𝒊𝑳 𝑥!,𝑦! ⋅ 𝑱𝑰(𝑥!,𝑦!))   (21) 

i = 1, 2, …, n, representing the index of the leads. Equation (21) can be rewritten in the 

matrix form 

𝑉 𝑥!,𝑦! ≈ 𝐴!  𝐾!𝑇 𝑥!,𝑦! 𝑱𝑰(𝑥!,𝑦!)  (22) 

where 𝑉  = [ 𝑉!,𝑉!,…𝑉! ]T is the vector of boundary voltage. 𝑇 𝑥!,𝑦!  = 

[𝑱𝟏𝑳 𝑥!,𝑦! ,   𝑱𝟐𝑳 𝑥!,𝑦! ,… , 𝑱𝒏𝑳 𝑥!,𝑦! ]
 T is the vector of the lead field. Therefore, 

𝐽! 𝑥!,𝑦! = (1 𝐴!  𝐾!)(𝑇 𝑥!,𝑦! )!𝑉 𝑥!,𝑦!   (23) 

where (𝑇 𝑥!,𝑦! )!denotes the Moore-Penrose psuedoinverse of 𝑇 𝑥!,𝑦! .   

In practice, lead field 𝑇 can be obtained by locating the sites of recording electrode from 

the ultrasound vibration potential simultaneously recorded with the AE signal. 

Vibrational potential is an unwanted DC component that corresponds precisely to the 

spatial location of the electrodes, and therefore usually filtered. But in this case, it can be 
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extracted to provide spatial information about the leads. Full 3-diementional simulation 

of the lead field can then be performed based on this spatial information using COMSOL 

Multiphysics™. With the detected boundary voltage 𝑉, current density 𝑱𝑰 can be solved 

based on equation (23). 

 

4.3 RESULTS 

4.3.1 UCSDI: Intramuscular Recording 

Figure 37 presents UCSDI results at two different ultrasound frequencies using needle 

type recording electrodes. The same procedure was followed for two rabbit hearts, except 

that one was imaged with the 1 MHz transducer (3.4 MPa peak pressure) and the other at 

0.5 MHz (0.7 MPa peak pressure). The geometric positions of the heart, recording and 

pacing electrodes, and the ultrasound transducer are illustrated in 3.9a. For the 1.0 MHz 

and 0.5 MHz transducers, the amplitude of the filtered AE signals was 1.4 µV and 2.1 

µV, respectively (see Figure 37(b) and Figure 37(c)). After normalizing for pressure, the 

AE amplitude detected by the 0.5 MHz transducer was 3.0 µV/MPa. However, for the 1 

MHz transducer, the AE amplitude was 0.41 µV/MPa, approximately 7 times smaller 

than that of the 0.5 MHz transducer. It is also clear in the color M-mode UCSDI images 

(Figure 37(d) and Figure 37(e)) that the 1 MHz transducer demonstrated better spatial 

resolution than the 0.5 MHz transducer. The full duration at half maximum (FWHM) 

along the depth direction (ultrasound axial direction) was 3.19 mm and 6.21 mm, 
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respectively, reflecting both the spatial resolution and dimensions of the current source 

through the wall of the right ventricle (RV). The tradeoff between sensitivity and 

resolution is consistent with our earlier phantom and simulation work from chapter 3. The 

M-mode pulse echo images (gray in Figure 37(d), Figure 37(e)) also indicate the location 

of the LV and RV walls. Since the two transducers have different focal lengths, the pulse 

echo signal from the LV and RV walls occurred at different depths. The superimposed 

UCSDI and pulse echo images indicate that the source of the measured cardiac current is 

at the RV wall. A horizontal line at the maximum AE amplitude denotes the ECGAE 

signal. This was compared with the simultaneously measured low frequency ECGLF 

signal, as depicted in Figure 37(f) and Figure 37(g). The ECGAE signals from UCSDI are 

consistent with the ECGLF, although the location of the source of the two signals is 

slightly different (i.e., UCSDI depends on the location of the ultrasound beam). 
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Figure 37. Intramuscular UCSDI of live rabbit hearts using two different focused ultrasound 
transducers (1.0 MHz and 0.5 MHz) and tungsten needle electrodes. (a) Rabbit heart in 
Langendorff chamber with two recording electrodes (R1 and R2) and a pair of pacing electrodes 
(S), which paced the heart at the right atrium at 3 Hz. The ultrasound transducer was located 
below the heart and focused at the RV wall; (b) and (c) filtered AE signals at the ECGLF peak 
times of 105 ms and 92 ms, respectively; (d) and (e) overlay of the M-mode UCSDI (color) and 
PE (gray) images; (f) and (g) describe the ECGAE signals (green) at the depth of 74 mm and 57 
mm, respectively, with the ECGLF (black) as a reference. The two columns describe data 
collected at two different ultrasound frequencies. 
 

4.3.2 UCSDI: Epicardial Recording 

Next, we implemented UCSDI with epicardial recording using an array of disc electrodes and, 

also, a clinical cardiac catheter containing stainless steel recording sites.  

For the electrode grid recording, two disc electrodes near the apex were selected to record the 

AE and ECGLF signals. The peak AE signal with this configuration was 0.52 µV or 0.74 

µV/MPa or approximately 25% of that measured with intramuscular electrodes.  

The clinical catheter was then placed on the epicardium and exhibited much better sensitivity 

than the disc electrodes. Figure 38 depicted the rabbit heart and the catheter position, as well as 

an M-mode image and ECG signals. The peak AE amplitude was 1.7 µV or 2.4 µV/MPa, which 

is comparable to using the intramuscular electrodes. This experiment included pacing at either 

the RA or apical region. The results depicted in Figure 38 were produced with RA pacing and the 

ultrasound transducer at a single location. The ECGAE and ECGLF signals (Figure 38(c)) in this 

example were acquired simultaneously. This is consistent with the location of the ultrasound 

focal spot, which was near recording electrode R2. 
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Figure 38. Epicardial UCSDI of the live rabbit heart using the 0.5 MHz transducer and the lasso 
cardiac catheter. (a) Rabbit heart with catheter and recording electrodes R1 and R2; (b) M-mode 
pulse echo image (gray) superimposed on a color M-mode UCSDI; (c) ECGLF (black) and 
ECGAE (green) signals during cardiac cycle. The ECGAE signal is taken at the RV wall at the 
depth of 66.7mm relative to the transducer origin. 
 

The effect of the ultrasound frequency on the AE signal was further examined in the same heart 

using epicardial recording from the catheter array. Scans were performed at 0.5 and 1 MHz using 

the same experimental setup and rabbit heart.  The peak AE amplitudes were 1.67 µV and 1.14 

µV for the 0.5 and 1.0 MHz transducers, respectively. When normalized by the ultrasound 

pressure, the peak AE amplitude was 2.39 µV/MPa (at 0.5 MHz) and 0.34 µV/MPa (at 1.0 MHz) 

or a ratio of approximately 7. This agrees well with the simulation result presented in Table 1.  

Performance results for each experiment and recording scenario are summarized in  
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Table 2. 

Table 2: Summary of recording methods and performance of detecting the AE signal 

 
Intramuscular Epicardial 

 Needle Disc Catheter 

US freq. (MHz) 1.0 0.5 0.5 0.5 1.0 

Peak pressure (MPa) 3.4 0.7 0.7 0.7 3.4 

US intensity (W/cm2) 0.85 0.18 0.18 0.18 0.85 

Axial resolution (mm) 1.6 3.1 3.1 3.1 1.6 

Lateral resolution (mm) 2.5 4.2 4.2 4.2 2.5 

AE (pk, µV) 1.40 2.09 0.52 1.70 1.14 

AE/Pressure (µV/MPa) 0.42 2.99 0.74 2.43 3.4 

ECG (pk, mV) 16.6 9.4 3.4 11.9 9.6 

AE/ECG (×10-3) 0.08 0.22 0.15 0.14 0.12 

Noise (RMS, µV) 0.10 0.10 0.07 0.10 0.11 

SNR (dB) 22.9 26.4 17.4 24.6 20.3 
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4.3.3 Cardiac Activation Mapping using UCSDI and the Clinical Cardiac Catheter 

Results suggest that UCSDI provides additional spatial and temporal information for mapping 

the cardiac activation wave. As described in section 4.3.1, the ECGAE does not have the same 

temporal profile as the ECGLF signal, which depends on the location of the ultrasound beam in 

the heart. To explore this further in the live rabbit heart and map cardiac activation with UCSDI, 

the ultrasound transducer was scanned to produce B-mode (2-dimensional) and volume (3-

dimensional) images during the cardiac cycle using a setup similar to Figure 38(a). The total scan 

length for B-mode imaging was 14 mm with 1 mm steps. The white arrow in Figure 39(a) 

indicates the scan region and direction. A superimposed B-mode pulse-echo image (gray scale) 

and the UCSDI image (hot colors) are displayed in Figure 39(b). The pulse echo image distinctly 

displays the RV and LV walls of the heart along with the hypoechoic interior of the ventricles. 

The largest AE signals were observed near recording electrode R2 due to the strong lead field at 

this location. 
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Figure 39. (a) Top view (x-y plane) of the rabbit heart, recording electrodes, and B-mode 
scanning range and direction. The scan size is 14 mm with 1 mm steps. Each image represents an 
average of 50 consecutive cardiac cycles at each scan point (b) Superposition of the pulse echo 
B-mode image (gray scale) and UCSDI (hot colors) in y-z plane. Pulse echo images are 
generated from the echo of the ultrasound pulse, while the UCSDI maps are produced from the 
AE signal at the peak envelope of the ECGLF (t = 139 ms). The vertical axis (depth) is the same 
as for the M-mode images. The horizontal axis represents the lateral scan position in millimeters. 
The images are interpolated and displayed on a dB scale (35 dB for pulse echo and 10 dB for 
UCSDI); (c) Activation map inside the dashed green box from (b) with stimulation at the SA 
node. Colors denote the arrival time (in ms) of the peak envelope of the ECGAE signal at each 
position. Gray pixels represent ECGAE signals below a threshold of 40% of the maximum AE 
signal. (d) Activation map for a second scan with stimulation near the apex. 
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In addition to measuring the spatial pattern of the ECG, current propagation over time was also 

examined as a possible method to track reentry currents or other conduction abnormalities. 

Activation times were determined from the delay between the pacing pulse and the peak of the 

ECGAE envelope at each pixel, producing a 2-dimensional activation map from a B-mode 

UCSDI data set. Figure 39(c) displays the cardiac activation map over the region of interest 

depicted in Figure 39(b). Red indicates that the arrival of the ECG occurs later. From this map, 

cardiac activation from base to apex can be clearly visualized, a pattern consistent with atrial 

pacing.  

The activation map indicates that the local activation time varied from 132 ms to 140 ms in the 

scan region (137.5 ± 1.3 ms). However, the distribution of activation times based on the standard 

ECGLF was much narrower, ranging from 135.9 to 136.9 ms (136.4 ± 0.3 ms). The lower 

variability of the ECGLF was expected because it is independent of the position of the ultrasound 

beam. On the other hand, the variability in activation times attributed to the ECGAE is due to the 

different spatial sampling in the heart by the ultrasound beam. The range of activation times of 

the ECGAE was expected to have a larger variation than the global ECGLF signal. This result 

illustrates that the spatial and temporal pattern of the ECG can be obtained scanning an 

ultrasound beam to different locations heart while recording the AE interaction signal on a single 

pair of electrodes. 

Figure 39(d) presents a second activation map on the same heart as Figure 39(c) with apical 

pacing, which should activate the myocardium from apex to base. The average peak time of the 

ECGAE signals was 59 ms, which occurred much earlier than that for atrial pacing (132 ms). This 
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was expected because apical pacing bypassed the normal delay through the atrioventricular (AV) 

node. The average conduction velocity for apical pacing was 0.67 ± 0.06 m/s compared to 1.31 ± 

0.20 m/s for atrial pacing. 

In addition to B-mode UCSDI, a C-scan along the x and y axes was also performed to produce 3-

dimensional activation maps during RA pacing. The scan area was 13 mm (X direction) by 15 

mm (Y direction). A sequence of UCSDI images (XY lateral planes) during the cardiac cycle 

(“A”-“H”) at the RV wall is illustrated in Figure 40. These maps reveal the cardiac activation 

pattern captured by UCSDI with the ECGLF as a reference. The strongest AE signals were 

observed from time point “C” to “G”, which is consistent with the strongest activation times of 

the ECGLF. 

 

Figure 40. Volume activation maps produced by an XY scan of the ultrasound beam. (upper left) 
Rabbit heart, catheter position, recording electrodes, and scan area; (upper right) ECGLF signal 
[ms, mV]; (bottom) UCSDI images (color) superimposed with pulse-echo images (gray) during 
the cardiac cycle. The UCSDI images are generated from the maximum intensity projection of 
the AE signal in the z (depth) direction. The UCSDI maps reveal the magnitude of the current 
density at that location and time. 
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Based on the data described in Figure 40. 3-dimensional activation maps were generated and 

displayed in Figure 40. The vertical cross-section of the activation map superimposed with the 

pulse echo image (Figure 40 left) confirmed that the detected activation region was located at the 

RV wall. The red and blue regions correspond to regions near recording electrodes #1 and #4, 

respectively. Lateral (XY) slices at different depths (Figure 40, right) helps visualize the 3-

dimensional cardiac activation. These images indicate that the AE signal near electrode #4 

occurred earlier than the region near electrode #1.  
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Figure 41. (a) Superposition of pulse echo (gray scale) B-mode image and cardiac activation map 
(color) at y = 1mm position; (b) Two horizontal slices of the 3D activation map at a depth of 
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59mm and 66mm; (c) ECGLF signals from two pairs of electrodes. The electrodes were marked 
in Figure 40 as #1, #4, and #5. The blue dotted curve is the ECGLF signal measured using 
electrodes #4 and #1 in differential mode; the red solid curve is the ECGLF signal measured using 
electrodes #5 and #1. 
 

To verify this activation pattern, simultaneously recorded ECGLF signal from another pair of 

electrodes (#5 and #1 marked in Figure 40) was used, denoted as ECGLF,E5E1. The latency of the 

two ECGLF signals is compared in Figure 41(c). The earlier arrival of the ECGLF from electrode 

#5 is consistent with the activation pattern displayed in Figure 41(a) and Figure 41(b). 

 

4.3.4 UCSDI Multichannel Recording 

Figure 42 displays UCSDI M-mode images and ECGLF signals for all five channels, recorded by 

the 5 leads on the catheter as depicted in Figure 35, using the 0.5 MHz transducer. ECGLF signals 

with different amplitudes and patterns were observed for the different leads. The strength of the 

AE signals was highly correlated with the amplitude of the ECGLF signals. 
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Figure 42. Left column: Color M-mode UCSDI for the 5 channels, corresponding to the 5 leads 
depicted in Figure 35. All images are displayed with a ±15 dB dynamic range. Right column: 
ECGLF signals from same 5 channels. Units: mV.  
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4.3.5 Multichannel Reconstruction Based on UCSDI 

Figure 43 demonstrates the unified simulated lead field intensity for all 5 channels on XY plane 

near the bottom of the heart where the catheter is placed. The lead field was simulated based on 

the spatial information extracted from the vibrational potential using COMSOL Multiphysics™. 

Boundary voltage V was recorded from all 5 channels while the 0.5 MHz transducer was raster 

scanned on the XY plane focusing near the depth of the catheter. With the lead field T simulated 

and boundary voltage V detected, the x, y, z components of the current density was then 

calculated based on equation (18) for different time points (marked with red dots in the third 

column of Figure 44) during the cardiac cycle for the same depth. Four time points were chosen 

to demonstrate the reconstruction result, as presented in the first column in Figure 44. The 

averaged UCSDI images across all 5 channels for the same depth are also shown as a comparison 

in the second column of Figure 44. During the R wave (third row Figure 44), strongest averaged 

AE signal was recorded. The same pattern was manifested with the reconstructed data. It is 

clearly shown in Figure 44 that the reconstructed data agree well with the averaged signal across 

the 5 channel.  
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Figure 43. The unified simulated lead field for all 5 channels on XY plane near the bottom of the 
heart. 
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Figure 44. Left column: reconstructed |𝐽! | from the multichannel UCSDI data recorded using 5 
leads on a clinical intracardiac catheter placed on the epicardium of a live rabbit heart at 4 
different time points duing cardiac cycle. The depth associated with the images is near the 
catheter. Middle column: averaged UCSDI across all five channels. Right column: chosen time 
points displayed on the cardiac cycle. 
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4.4 DISCUSSION 

This study compared different ultrasound frequencies and electrode configurations for mapping 

the live rabbit heart with UCSDI. According to Table 2, intramuscular recording at 0.5 MHz 

produced the best sensitivity for detecting the AE signal (3.0 µV/MPa). This was likely due to 

invasive electrodes placed directly in the myocardium and their strong lead fields directly in the 

path of the cardiac current flow. The unshielded and flexible disc array, on the other hand, 

exhibited the poorest sensitivity (0.74 µV/MPa). The difficulty maintaining firm contact with the 

epicardium likely contributed to the lower sensitivity and higher background noise. This was 

further supported by the weaker ECGLF signal when using the disc electrodes. Meanwhile, the 

shielded catheter placed on the epicardium provided an excellent balance between invasiveness 

(surface recording) and detection sensitivity (2.4 µV/MPa).  

 The effect of the ultrasound frequency on the sensitivity and resolution of UCSDI was also 

examined. The sensitivity at 0.5 MHz is approximately 7 times larger than that at 1 MHz (3.0 

µV/MPa vs. 0.41 µV/MPa). This is likely due to the larger (approximately 8 times) integration 

volume at the focal zone of the 0.5 MHz transducer. On the other hand, the 1 MHz transducer 

demonstrates a better spatial resolution than the 0.5 MHz one. The spot size related to current 

densities in the RV wall (along depth axis) was smaller at 1 MHz than 0.5 MHz (3.19 mm vs. 

6.21 mm). This further illustrates the tradeoff between spatial resolution and sensitivity for 

UCSDI. 

The recording electrode lead field is also a key factor that affects the amplitude of the AE signal. 

This has been more thoroughly explored in our previous work. In general, to optimize detection 
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of the AE signal, the recording electrodes should be configured so that the lead field is parallel to 

the propagation of electrical current. However, the cardiac activation time (or activation map) is 

largely unaffected by the orientation of the lead field as long as there is sufficient sensitivity to 

detect the AE signal. The dependence of UCSDI on the lead field can be reduced or eliminated 

by recording with multiple leads (i.e., more than two electrodes).   

Figure 39(b) displayed a current density image at the peak of the ECGLF superimposed on the B-

mode pulse echo image, highlighting the LV and RV walls of the heart. The integration of 

UCSDI with standard echocardiography is a potentially powerful combination for the pre-

ablation EP mapping for treatment of arrhythmias. Based on the same dataset, activation maps 

were generated from atrial and apical pacing and a single pair of differential recording 

electrodes. Overall, the latencies of the peak ECGAE were highly correlated with those of the 

ECGLF. However, the variability of latencies of the ECGAE was apparent after scanning the 

ultrasound beam to different locations in the heart. The spatial information provided by UCSDI 

revealed current propagation from base to apex with atrial pacing, and propagation in the reverse 

direction with apical pacing, as well as a shorter average latency (59 ms vs. 132 ms). The maps 

(Figure 39(c) and Figure 39(d)) further indicated slight variations of the ECG latency in 

propagation from the epicardium to the endocardium, consistent with another isolated rabbit 

heart study. Normally, EP information related to transmural propagation would have required 

separate contact electrodes on the epicardium and endocardium, but UCSDI was able to capture 

additional depth information as the ultrasound pulse passed from the RV endocardium to the 

epicardium.  
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This study has demonstrated that UCSDI in principle can effectively localize the ECG signal and 

map the cardiac activation wave. While real-time M-mode imaging was possible with the 

described system, fast B-mode and volume imaging was not possible and depended on 

mechanical scanning of the ultrasound transducer. A two-dimensional B-mode image, for 

example, required less than 5 minutes, including 50 averages at each position to improve SNR. 

The acquisition time could be dramatically reduced using electronic scanning of the ultrasound 

beam, similar to what is used in standard echocardiography. Also, because the ECG precedes the 

mechanical contraction, cardiac motion is less of a concern for UCSDI. Nonetheless, this study 

used the electromechanical decoupler BDM to help reduce cardiac motion and maintain the same 

reference frame over multiple cardiac cycles, which was most desirable for 2-dimensional and 3-

dimensional imaging.  
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4.5 CONCLUSION 

This study provided a baseline for detecting the AE signal in the rabbit heart using different 

recording configurations and ultrasound frequencies. Two-dimensional and volume mapping of 

the cardiac activation wave were also demonstrated using UCSDI with a clinical cardiac catheter 

for detecting the small AE signals. Finally, co-registered pulse echo ultrasound images helped 

identify the LV and RV walls, providing an important anatomical reference for UCSDI. 

Intracardiac echocardiography combined with real-time UCSDI holds great promise for rapid 

and accurate cardiac mapping prior to ablation therapy for sustained and unsustained 

arrhythmias.
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 

UCSDI is a new modality that can potentially enhance the pre-procedural cardiac mapping 

during RF ablation for treatment of arrhythmias. Advantages of UCSDI compared to 

conventional EP mapping include better spatial resolution, no registration errors and the 

possibility of 4-D imaging of a time-varying current field using as few as one electrode. 

However, one question that still needs to be solved before translating UCSDI to the clinic is to 

improve the sensitivity of UCSDI as much as possible, while balancing the tradeoff between 

resolution and sensitivity. 

First of all, we need to understand the fundamental limit of the UCSDI sensitivity – the AE 

interaction constant K. In chapter 2, K was measured in 2 kinds of electrolytes at a range of 

different concentrations, and in strips of rabbit heart muscle. Measured K in rabbit heart tissue is 

0.041±0.012 %/MPa. Since K is a very small value, according to equation (9), AE signal 

amplitude detected in UCSDI is small too. So the other controllable parameters in equation (9) 

have to be optimized as much as possible.  

In chapter 3, the effect of recording electrode distance on the sensitivity of UCSDI was 

demonstrated in porcine heart tissue. As far as 25 mm away from the current source, the 

detectability of AE signals is still valid. Furthermore, simulation was used to find the optimal 

ultrasound transducer properties for UCSDI for cardiac mapping. Results of implementing these 

optimized transducer properties were presented in chapter 4 in live isolated rabbit hearts. 

Different recording configurations were compared. Multichannel UCSDI was also demonstrated 
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with an added benefit of reduced lead field effect. With these optimized features, UCSDI is one 

step closer to being translated to the operation room for cardiac mapping.  

In the live heart study as demonstrated in chapter 4, only healthy heart model was employed. In 

the future, arrhythmic model can be created for generating reentry currents for UCSDI to image. 

By using the multichannel signal conditioning box as demonstrated in chapter 4, UCSDI can also 

be made more portable. 

UCSDI can also be potentially integrated with a clinical 2-D ultrasound array with controlled 

beamforming for fast B-mode imaging, which is currently limited by the scanning speed of the 

step motor. Connecting UCSDI to a multimodal catheter would further strengthen the 

functionality of UCSDI. Ideally, such a catheter would include both ultrasound unit and 

electrode unit. The ultrasound unit would be capable of mapping current flow (UCSDI), as well 

as co-registered Doppler imaging and echocardiography.  A different way to couple ultrasound to 

the heart would be using a transesophageal ultrasound transducer, which can be advanced 

through the esophagus, as close to the heart as possible.  

Theoretically, sensitivity of UCSDI can be greatly improved by using a unipolar transducer. 

Since the bipolar pulse from a regular transducer will cause a cancellation effect in a bulk 

material.  
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APPENDIX A – Ingredient list for Kreb-Henseleit buffer solution 

 Table 3 Ingredients for 2-liter Kreb-Henseleit buffer 

 molar mass [g/mol] mM [mmol/L] Mass for 2L buffer 

NaCl 58.44 118 13.792 

KCl 74.55 4.7 0.701 

CaCl2∙2H2O 147.01 2.5 0.735 

MgSO4 120.37 1.2 0.289 

KH2PO4 136.09 1.2 0.323 

NaHCO3 84.01 25 4.201 

Glucose 180.08 11 3.962 

 

The solution should be balanced to pH = 7.4 at 37ºC. 
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APPENDIX B – Langendorff constant flow system  

A photograph of the system is presented in figure…. Steps of setting up the Langendorff system 

are listed below.  

1. Check the system. Make sure all the tubing in the system is correctly connected.  

2. Turn on the circulation pump (“C” in Figure 42). Langendorff system should be turned 

on and setup at lease 90 min before the animal surgery. The circulation should be 

switched on first, and then the heating. Target temperature on the pump should be set 

between 37.5 ºC and 39 ºC, slightly higher then the target temperature of the Kreb-

Henseleit buffer solution (37 ºC).  

3. Making Kreb-Henseleit butter solution. When the water jacket circulation is warming up 

(about 30 min), prepare 2 to 3 batches of 2-liter Kreb-Henseleit buffer, with the motion 

decoupler, 2,3-Butanedione monoxime, optionally added.  

4. Transfer one batch of butter solution to the 2-liter reservoir (“B” in Figure 42), and plug 

in the aerator (“A” in Figure 45), which is connected to a tank of 95% O2 and 5% CO2 

mixture. Turn on the O2 / CO2 supply and aerate the buffer solution.  

5. Turn on the peristaltic pump (“G” in Figure 45). The controller for the peristaltic pump is 

placed in a different room because it was discovered to introduce radio-frequency noise 

to the electrical recording. For rabbit experiment, the flow rate of the peristaltic pump is 
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set between 20 and 30 ml/min. At this point, the aerated buffer solution should start 

circulating in the system. 

6. Remove all the air bubbles trapped in the bubble trap (“D” in Figure 42). Air bubbles 

have to be removed because they might mix into the buffer circulation and compromise 

the heart. 

7. Connect the cannula (“E” in Figure 45). Make sure the butter comes out the cannula 

steadily and fluently without any air bubble stuck on the wall of the cannula. If there are 

air bubbles present, repeat step 6 until all the bubbles are removed. 

8. Start warming up the deionized water inside the water tank (“J” in Figure 45) using the 

immersion heater (“H” in Figure 45) to about 38ºC. 

9. After the heart is extracted and successfully mounted to the cannula, lower the cannula to 

place the heart into the imaging chamber (“F” in Figure 45). The bottom of the imaging 

chamber provides support and a warm environment for the heart during imaging, since 

the imaging chamber in placed in a heated water tank (“J” in Figure 45). 

10. Placed the imaging transducer inside the water tank (“J” in Figure 45) beneath the 

imaging chamber (“F” in Figure 45). Remove any air bubbles stuck on the surface of the 

transducer and the bottom of the imaging chamber. 

Now the Langendorff system is setup and ready for UCSDI. 
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Figure 45. Photograph of the Langendorff system. A: aerator for gassing the perfusion solution. 
B: water-jacketed 2-liter reservoir for maintaining the solution at a constant temperature. C: 
circulation heater for circulating and maintain the temperature of the water inside the water 
jacket of the system. D: water-jacketed bubble trap. E: glass aortic cannula. F: custom-made 
imaging chamber. G: double-headed peristaltic pump for drawing the perfusion solution from the 
reservoir (“B”) to the cannula (“E”) to retro-perfuse the heart, and for drawing the used solution 
out of the imaging chamber (“F”) to the waste collection. H: immersion water heater. I: imaging 
transducer. J: water tank. 
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APPENDIX C  – Procedure to obtain rabbit hearts  

Adult New Zealand White rabbits will be anesthetized by intramuscular injection of Ketamine 

(35 mg/kg) and Xylazine (5 mg/kg) while restrained manually. While the animal is losing 

consciousness, not responsive to the handling, it will be laid down supine position on the 

operation bench and hair will be removed from its chest to expose the skin. Once the animal is 

fully anesthetized as determined by negative response to the palpebral reflex and the pedal 

withdrawal, it will be injected with heparin (500 U/kg) into the left marginal ear vein. 

Immediately following the heparin injection, the animal will be euthanized by injecting 

Beuthanasia (1 cc/10 lb)  (active ingredient: sodium pentobarbital) into the left marginal ear vein.  

After death has been confirmed, an incision will be quickly made along the sternum to expose 

the ribcage. The ribcage will be cut from the notch of the sternum up towards the head on both 

sides, following a V shape, using sharp scissors. The heart will be exposed by lifting the cut 

ribcage, and removed by cutting across the arch of the aorta (preserving about 5 mm long aorta 

for mounting) and the vena cava with a pair of scissors. Care should be taken not to cut the aorta 

so short as to impair mounting on the cannula later. There might be other tissue or organs (e.g. 

lungs, trachea etc.) sticking to the heart. It is always better to cut off the excess tissue together 

with the heart and then trim them off later, than risking damaging the heart by attempting to 

remove other tissue at the time of the surgery. There is actually an added benefit of leaving part 

of lung tissue attached to the heart, which will be described later. 

The heart will then immediately be placed in a small beaker (just big enough to hold a rabbit 

heart) of chilled, heparinized perfusate (Kreb-Henseleit butter) to arrest the beating of the heart. 
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If a piece of lung tissue is attached to the heart, then the heart will stay afloat in the bath, which 

makes retrieval easier. Quickly locate the aorta, which should be the largest blood vessel, 

squirting blood. Pick the heart up from the chilled bath with two pairs of fine-tip forceps holding 

the edge of the aorta. Transfer the heart to the cannula and slip the aorta onto the cannula still 

using two pairs of forceps. Carefully remove one pair of forceps and change them to a bulldog 

clamp. The heart can then be mounted by clamping the aorta to the cannula using the bulldog 

clamp, and secured with surgical suture tied around the aorta to the cannula, just below the 

clamp. After the heart is secured on the cannula with the suture, the clamp can be removed. 

Avoid using suture that is too thin (3-0 suture is suitable for rabbit heart) which can risk 

damaging the aorta. The position of the heart on the cannula can be slightly adjusted before the 

suture is tied. Ensure that the bottom edge of the cannula does not extended into the aortic valve, 

so that the flow is not out a branch off the aortic arch, but is going into the coronary ostia above 

the aortic valve. If the aorta is placed too high up on the cannula, damage to the aortic valve will 

occur and the perfusion will be affected. Time from removal of the heart from the rabbit to 

initiating Langendorff flow should be about 60 sec to avoid compromising the heart.  

Quickly but carefully remove the other tissue surrounding the heart including pericardium sac. It 

is best to slowly tease away any tissue and cut a small section off each time. The Langendorff 

isolated heart is now mounted and ready to be lowered into the imaging chamber. 
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