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ABSTRACT

This memorandum describes the processing and imaging of data collected during the first
human tests of a volumetric array that uses passive sonar to locate arterial blockages in the
coronary arteries. The data were imaged using conventional and reduced variance distortionless
response focused beamformers. The images were studied to locate common features and to
determine the most effective form of processing. Aliasing and noise in the data affected the
images, and these effects were noted.
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INTRODUCTION

Diagnosing heart disease, especially arterial blockage, has long been a difficult and
potentially dangerous medical procedure. The most common methods used today are typically
highly invasive and occasionally life-threatening. Much of the noninvasive diagnosis is done with
the familiar stethoscope, which requires a sharp ear and is difficult to master.

This memorandum describes an alternative, noninvasive procedure to identify arterial
blockages. This new procedure uses the principles of sonar to “listen” to the vibrations in a
human chest. The listening device is a volumetric array composed of 15 sensors. Nine of these
sensors are equally spaced along a primary axis. Six other sensors are spaced along a secondary
axis perpendicular to the primary axis, with three on each side of the primary axis. The two sets
of three sensors create two “wings” that are connected to the primary row of nine sensors with
hinges to allow conformity to the chest surface. The sensors in the wings are equally spaced,
with a larger space for the hinge.

The data recorded by this array are processed and imaged using both conventional and
reduced-variance, distortionless-response (RVDR) focused beamformers. Initial tests were done
in ideal laboratory situations using polyurethane blocks (frequently referred to as DAWGs) that
contained simulated artery blockages. Later tests added “ribs” to these blocks to test the effects
of reflection on the images. The images of the data produced from these tests indicated that the
blockages could be identified consistently.

This memorandum discusses the processing of the data from the first round of human
tests. The purpose of the imaging of this preliminary data was to explore patterns in the images;
to identify the effects of ribs, tissue, and normal body sounds, and to provide answers as to the
advantages and disadvantages of several different combinations of variables used in the
processing. These variables included the length and number of fast Fourier transforms (FFTs) to

use in creating the cross-spectral density (CSD) matrix and the number of channels processed
when creating the images.

PROCEDURE

Raw data were collected from 10 volunteer subjects. Each subject underwent between
one and four tests, each lasting approximately 60 seconds. Each test produced 15 channels of
displacement data (see figures 1 and 2) and an EKG.






Using the Matlab® program, the raw data were edited. Edited data sets required 16,384
data points or more, all taken from the diastolic phase of the heartbeat—the interval between the
second heart sound (S2) and the following first heart sound (S1). The diastolic phase was
identified in the data using the EKG, which enabled location of the S1 heart sound. During the
middle of the diastolic phase, the largest amount of blood flows through the coronary arteries and
there are no major valve sounds.

After editing, the new data sets were saved, and handwritten notes about the quality of
the raw data were made. These notes, qualitative and subjective, made comments on the amount
of noise in the samples and the ease of location of the S1 and S2 heart sounds.

Next, several CSD matrices were created from each edited data set. The CSD matrices
differed in the combination of FFT length and the number of FFTs. Three different combinations
were used: 16 FFTs with a length of 1024 points, 32 FFTs with a length of 512 points, and 64
FFTs with a length of 256 points. Qualitative observations on the computation time for each
combination were made. '

Finally, each CSD matrix was imaged using both conventional and RVDR focused
beamformers. The matrices were imaged at 100, 200, 300, 400, and 500 Hz. In addition, each
matrix was imaged using 9 channels and then using 15 channels (see appendixes A and B). This
allowed evaluation of the effect of the “wings” of the array on the image. The wave speeds were
as follows and remained constant for all images:

Wave Speed at 100 Hz 4 m/s
Wave Speed at 1000 Hz 12 m/s

These values were selected based on literature values of 3.75 m/s and 13 m/s, respectively. The
RVDR enhancement value was set at 6.0.

After the images had been created and printed, they were grouped and studied. The
images were grouped according to the health of the subject (see table 1). Four of the subjects
were determined to be in “good” health—which meant that the subjects had no prior heart disease
and did not have unhealthy lifestyles. Three were smokers but had no history of heart disease.
Two had previously experienced arterial blockages. One subject had heart disease unrelated to
arterial blockage.

* All of the data processing was performed using Matlab for the Macintosh, version 4.2 programs written by
Andrew Hull, Code 2141, that were based on an original developmental code written by Norman Owsley, Code 2123.



Table 1. Image Groupings

Subject Number Image Numbers Health
1 901, 902 blockage
903, 904
2 905, 906 other heart disease
907
3 908, 909 smoker
4 910,911 good
5 912,913 smoker
6 914, 915 good
916
7 917,918 good
919, 920 good
8 921 .
9 922 smoker
10 923, 924 : blockage
925

Each of these groups was then subdivided. Images were grouped according to the number
of channels processed and the number of FFTs used to create the CSD matrix. Each subdivision
was considered separately, and observations were made. If no characteristics of interest were
noted in a particular image, no observations were made about that image. Characteristics of
interest included localized spots (see figures 3 and 4), the approximate location of these spots
(near the surface or deeper), a large amount of high energy (red and yellow) in the image, and
streaking (which can indicate aliasing).

OBSERVATIONS

During the processing, the following trends were noted. Creating a CSD matrix using
16 FFTs of length 1024 consistently took a noticeably longer computation time than 64 FFTs of
length 256. Once the CSD matrices were created, however, the computation time to produce the
images was comparable. Many of the data sets contained significant random noise, which often
obscured the S2 heart sound, making location of the diastolic phase difficult. The sets containing
significant noise were 902, 904, 905, 906, 907, 908, 922, and 925.

The images all contained a high-energy area in the upper left corner, with the exception of
images 923 and 925. This area was most distinct at 100 Hz. In some images, this area was
distinct but rather small, surrounded by much lower energy areas. In other images, the high-




energy area spread across the image. Several of the images were almost entirely red, often with
streaks of yellow, which made the identification of high-energy spots difficult and occasionally

impossible. Images 923 and 925, at 100 Hz, had a very distinct high-energy area in the upper
right cormer.

When the images from those subjects determined to be in “good health™ were sorted by
format of CSD matrix and the number of channels processed, the following trends were noted:

1. Inthe group of images with 9 channels processed and CSD matrices of 16 FFTs of
length 1024, none of the images at 100 Hz contained localized spots that did not continue outside
of the image. At 200 Hz, the localized spots were primarily very small and located close to the
surface of the chest, or the bottom of the image. A few spots were noted at 300 Hz, most of
which were again located close to the surface. At 400 Hz, image sets 911 and 915 appeared
rather streaky. All images at 500 Hz were very streaky.

2. In the group of images with 9 channels processed and CSD matrices using 32 FFTs of
length 512, there were no localized spots at 100 Hz. At 200 Hz, some spots and elongated
spaces of high energy were noted, mostly near the surface. There were no spots at 300 Hz. In
this group, the images at 400 Hz were extremely varied, ranging from a distinct image with a
single high-energy area to images completely formed of high energy. The images again appeared
quite streaky at 500 Hz, with the possible exception of 921.

3. In the group of images with 9 channels processed and CSD matrices using 64 FFTs of
length 256, there were again no spots at 100 Hz. At 200 Hz, there was a distinct localized spot
in image 914. At 300 Hz, there was a spot in image 918. At 400 Hz, spots were located in

images 911 and 920. The images all appeared streaky at 500 Hz with the exception of 915 and
921. .

4. In the group of images with 15 channels processed and CSD matrices using 16 FFTs
of length 1024, images 916 and 918 showed some spots at 100 Hz, all near the surface. Several
images contained spots at 200 Hz, including 914, 915, 918, 920, and 921. At 300 Hz, the
following images contained spots: 911, 914, 915,916, 917, 918, 920, and 921. At 400 Hz,
almost all of the images contained spots, and images 915 and 918 appeared somewhat streaky.
All of the images were streaked at 500 Hz.

5. Of the images with 15 channels processed and CSD matrices using 32 FFTs of length
512, there were a few with localized spots at 100 Hz, including 910, 911, and 917. All of these
spots were located near the surface. Images at 200 Hz with some spots located near the surface
include 911, 914, 915, 917, and 921. At 300 Hz, spots mostly located near the surface were
found in images 914, 916, 917, 918, 920, and 921. There were localized spots in all of the images

at 400 Hz. All of the images appeared streaky at 500 Hz, with the possible exception of image
921.






6. Inthe grouﬁ of images with 15 channels processed and CSD matrices using 64 FFTs
of length 256, images 910, 911, and 916 had some spots at 100 Hz, all near the surface. At 200
Hz, the following images showed spots at the surface: 914, 918, and 921. There were also some
spots near the surface at 300 Hz in the following images: 914, 915, 916, 918, and 920. Many
spots were seen at 400 Hz, in images 910, 911, 915,918, and 921. The images at 500 Hz
seemed to be less noticeably streaky, although there was still some evidence of streaking

The following observations were made on the images created from the smokers’ data:

1. In the group of images with 9 channels processed and CSD matrices of 16 FFTs of
length 1024, at 100 Hz, image 908 had a small surface spot. Both images 908 and 909 had small
surface spots at 200 Hz. At 300 Hz, image 908 had an elongated high energy streak and small
surface spots; images 909 and 922 had small surface spots and image 912 had several spots not at
the surface. Image 913 appeared streaky. At 400 Hz, images 908, 909, and 922 were streaky.
Image 913 contained multiple spots somewhat close to the surface, and image 912 had one spot
not close to the surface. All of the images at 500 Hz were streaky, although image 908 was less
streaky than the others.

2. With 9 channels processed and CSD matrices using 32 FFTs of length 512, none of
the images contained spots at 100 Hz. At 200 Hz, image 909 had spots, with one not at the
surface. At 300 Hz, image 913 appeared streaky, and image 922 was entirely high energy. At
400 Hz, images 908 and 913 seemed streaky, image 912 contained some surface spots, and image
909 contained several very small surface spots. Images 908 and 912 were very streaky at 500
Hz, image 913 was entirely high energy, image 909 did not appear streaky and had some spots,
and image 922 had several spots not at the surface.

3. Inthe group of images with 9 channels processed and CSD matrices of 64 FFTs of
length 256, at 100 Hz, image 908 contained a single spot near the surface. At 200 Hz, 909
contained a surface spot, and images 912, 913, and 922 were all very high energy. At 300 Hz,
both images 913 and 922 were high energy, 912 contained some spots, and 908 and 909 both
contained near surface spots. At 400 Hz, images 913 and 922 were entirely high energy, and
images 908, 909, and 912 contained surface spots. None of the images were extremely streaky at
500 Hz. Image 913 was primarily high energy, appearing almost entirely red. Image 922 was
slightly streaky and had some spots. Images 908 and 909 each contained some spots, with 908
having some nonsurface spots.

4. With 15 channels processed and CSD matrices of 16 FFTs of length 1024, the
following images contained surface spots at 100 Hz: 908, 909, 913, and 922. At 200 Hz, image
908 was entirely high energy and 909 contained a surface spot. At 300 Hz, image 908 was again
high energy, image 909 contained a nonsurface spot, image 912 contained a surface spot, and
image 913 appeared streaky. At 400 Hz, images 908 and 922 appeared streaky and images 909,
912, and 913 contained surface spots. All of the images at 500 Hz were streaky, however,
images 909 and 913 were less so.
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5. Of all the images with 15 channels processed and CSD matrices using 32 FFTs of
length 512 imaged at 100 Hz, only image 908 contained a surface spot. Only image 909
contained a surface spot at 200 Hz. At 300 Hz, images 908, 913, and 922 were high energy, and
images 909 and 912 each contained a surface spot. At 400 Hz, images 908 and 913 were high
energy, image 922 was a bit streaky and contained a surface spot, and images 909 and 912
contained surface spots. The images varied greatly at 500 Hz. Image 922 appeared streaky,
image 913 was all high energy, images 908 and 912 contained surface spots, and image 909
contained nonsurface spots.

6. In the group of images with 15 channels processed and CSD matrices using 64 FFTs
of length 256, images 908, 913, and 922 contained surface spots at 100 Hz. At 200 Hz, images
908, 913, and 922 were all entirely high energy, image 912 was mostly high energy, and image
909 had a surface spot. At 300 Hz, images 908, 913, and 922 were high energy and images 909
and 912 contained small surface spots. At 400 Hz, images 913 and 922 were high energy, image
908 had both surface and nonsurface spots, image 909 contained only surface spots, and image
912 contained surface spots but was rather streaky. Both images 908 and 913 were high energy,
image 912 was streaky, and images 909 and 922 contained surface spots at 500 Hz.

The images from the group of subjects with previous arterial blockages led to the
observations detailed below:

1. In the group of images with 9 channels processed and CSD matrices using 16 FFTs of
length 1024, none of the images had a localized spot at 100 Hz. At 200 Hz, images 901, 902, and
923 each contained a surface spot. At 300 Hz, image 901 showed light spots—of a yellow color
rather than red. Images 904 and 923 contained some spots as well. At 400 Hz, image 903
contained some surface spots and images 902 and 923 were streaky. Images 901, 902, 923, and
925 were very streaky at 500 Hz. Images 903 and 904 were less streaky and image 924 showed
very little streaking. All contained at least one spot.

2. With 9 channels processed and CSD matrices using 32 FFTs of length 512, at 100 Hz,
images 902 and 904 were almost entirely high energy, and image 903 contained a surface spot. At
200 Hz, image 901 contained a large spot, image 902 had a smaller surface spot, and image 904
was primarily high energy. At 300 Hz, image 903 contained a surface spot, and image 904 again
was entirely high energy. At 400 Hz, images 901 and 904 were streaky, images 902, 903, and
923 contained multiple surface spots, and image 925 contained a nonsurface spot. Lmages 901,
903, and 925 were very streaky at 500 Hz, and the remaining images, which were not streaky,
contained some small surface spots.

3. In the group of images with 9 channels processed and CSD matrices using 64 FFTs of
length 256, at 100 Hz, images 902, 903, 904, and 925 were almost entirely high energy. Images
901 and 923 were mostly high energy at 200 Hz, although some spots were visible in image 901.
At 300 Hz, image 903 contained a surface spot. At 400 Hz, image 901 appeared streaky, images




902, 903, and 904 contained several surface spots, and image 925 contained a nonsurface spot.
Images 901 and 925 were streaky at 500 Hz. All of the images contained multiple spots at that
frequency.

4. With 15 channels processed and CSD matrices using 16 FFTs of length 1024, images
902 and 923 each contained a spot at 100 Hz. At 200 Hz, image 901 contained a surface spot,
and images 903, 904, and 925 each contained a nonsurface spot. At 300 Hz, images 901, 903 and
904 each contained a surface spot and image 925 contained multiple nonsurface spots. At
400 Hz, image 923 appeared a bit streaky, images 902, 903, and 925 each contained a nonsurface
spot, and images 901, 904, and 924 contained surface spots. At 500 Hz, all images contained
spots. Images 901, 904, 923, and 925 were extremely streaky.

_ 5. In the group of images with 15 channels processed and CSD matrices using 32 FFTs
of length 512, at 100 Hz, images 901, 902, and 903 contained surface spots. At 200 Hz, images
901, 902, 903 and 904 contained surface spots. At 300 Hz, images 901, 903, and 904 contained
surface spots and image 924 contained a nonsurface spot. At 400 Hz, all of the images contained
both surface and nonsurface spots. The following images were streaky at 500 Hz: 901, 903, 923,
and 925. Images 902, 904, and 924 contained surface spots. ’

6. In the group of images with 15 channels processed and CSD matrices using 64 FFTs
of length 256, images 901, 902, 903, and 904 all contained surface spots at 100 Hz. At 200 Hz,
image 901 contained a surface spot, and images 902 and 904 contained nonsurface spots. At 300
Hz, image 925 contained a nonsurface spot. At 400 Hz, image 923 was a bit streaky and images
903 and 925 contained both surface and nonsurface spots. The following images were streaky at
500 Hz: 901, 903, 923, and 925. Images 902, 904, and 924 contained surface spots.

The final group of images studied—the case of “other heart disease”—is described below:

1. In the group of images with 9 channels processed and CSD matrices using 16 FFTs of
length 1024, there were no localized spots at 100 Hz. At 200 Hz, image 906 contained a
nonsurface spot. At both 300 and 400 Hz there were no distinct spots in any of the images.
Images 906 and 907 were streaky at 500 Hz.

2. In the group of images with 9 channels processed and CSD matrices using 32 FFTs of
length 512, there were no spots in any of the images at 100 Hz. At 200 Hz, image 906 contained
a nonsurface spot. At 300 Hz, image 907 contained small surface spots. At 400 Hz, image 905
contained small surface spots. Images 906 and 907 were streaky at 500 Hz.

3. With 9 channels processed and CSD matrices using 64 FFTs of length 256, there were
no spots in any of the images at 100 or 200 Hz. At 300 Hz, image 907 contained very small
surface spots. At 400 Hz, that image contained very small nonsurface spots. Images 906 and
907 were streaky at 500 Hz.



4. Inthe grou;; of images with 15 channels processed and CSD matrices using 16 FFTs
of length 1024, all of the images contained small surface spots at 100 Hz. At 200 Hz, images 906
and 907 each contained a nonsurface spot. At 300 Hz, images 905 and 906 contained surface
spots, and image 907 contained surface and nonsurface spots. At 400 Hz, images 906 and 907
contained nonsurface spots. Images 906 and 907 were very streaky at 500 Hz.

5. Inthe group of images with 15 channels processed and CSD matrices using 32 FFTs
of length 512, all of the images contained small surface spots at 100 Hz. At 200 Hz, images 906
and 907 contained nonsurface spots. Image 907 contained a surface spot at 300 Hz. At 400 Hz,
both images 906 and 907 contained nonsurface spots. Images 906 and 907 were streaky at 500
Hz, and image 905 was mostly high energy.

6. Inthe group of images with 15 channels processed and CSD matrices using 64 FFTs
of length 256, small surface spots were present in all images at 100 Hz. At 200 Hz, images 906
and 907 contained nonsurface spots. At 300 Hz, image 905 was primarily high energy and image
907 contained a nonsurface spot. At 400 Hz, image 906 contained a small nonsurface spot. And
finally, at 500 Hz, image 906 contained small nonsurface spots. None of the images appeared
streaky at this frequency.

DISCUSSION

Several interesting patterns can be discerned from the observations made in the preceding
section. The first, which was mentioned briefly in the “observations” section, is that all of the
images did contain a large area of high energy, usually in the upper left corner but on occasion in
the upper right corner. This image was sometimes singular and very distinct, surrounded by
areas of significantly lower energy. At other times, the high-energy area was mirrored on the
opposite side, occasionally by an area of equal energy intensity, but most often by an area of
lower energy. The variation between images was great, but the important, finding was that the
mass of high energy exists on a consistent basis.

Secondly, small spots located so that the entire area of high energy is visible in the image
appear much more often at higher frequencies. Small spots close to the surface were far more
common than spots located at least 2 centimeters into the chest.

The images made from the data of subjects in “good” health were far more consistent than
those from subjects who smoked or had heart problems. This consistency is more noticeable at
frequencies of 300 Hz or below. In most cases, the images at frequencies within this range did
not have localized spots, and most of the spots that did exist were located near the surface.

A third pattern concerns a comparison of images with 9 channels processed and those
with 15 channels processed. The images in the latter category consistently had more areas of
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higher energy. While there were images in the first category that were mostly or entirely high
energy, the second category had more localized spots, especially those near the surface. This is
especially noticeable in the final group of images obtained from the single subject with a heart
condition unrelated to arterial blockage. At 100 Hz, this subject’s images with nine channels
processed showed no localized spots. With 15 channels processed, however, several small spots
appeared near the chest surface in each of the images.

The multiple combinations of FFT length and number of FFTs revealed another pattern.
Aliasing, which is identified by a “streaking” of the image, was far more noticeable in those
images processed with 16 FFTs of length 1024 than with 32 and 64 FFTs. In 6 of the 8
groupings,” the number of images identified as “very streaky” declines as the number of FFTs
increased. In the two groupings where this did not happen, the number of images that appeared
streaky remained the same. In no case did the number of images classified as “streaky” increase
with the number of FFTs used.

A similar pattern may be found in the presence of streaking at 400 Hz. In 4 of the 8
cases, the number of streaky images at 400 Hz dropped when the image used 64 FFTs instead of
16. In three of the other four groupings, the number of streaky images remained constant. In
only one case did the number increase, from one streaky image with 16 FFTs to none with 32
FFTs, then back up to one streaky image with 64 FFTs. This occurred in the group of subjects
with previous arterial blockage where 15 channels were processed when producing the image.

CONCLUSIONS

The conclusions that can be drawn from the data provided in this memorandum are not
numerous. The observations indicate that there are several advantages to processing the data
using 64 FFTs in the CSD matrix. The greater correlation among the images of subjects in good
health indicates that these images may be of most use in determining the spots of energy that are
produced by normal heart sounds.

* The eight groupings comprise the original four groupings, each divided into 15 channels processed and 9
channels processed.

11/(12 blank)



APPENDIX A
IMAGES FOR IMAGE SET 1

The image set in this appendix comprises images from 25 data sets. Each data set
consists of approximately 16,000 data points, selected from a 60-second sample. The
points were taken exclusively from the diastolic phase of the heartbeat. An EKG was
used to definitively identify the S1 heart sound. From that, the S2 heart sound was
located and data points were taken from the interval between the S2 sound and the
following S1 sound.

Each of the 25 data sets was processed using three different combinations of FFT
length and number of FFTs performed: 16 FFTs with length of 1024 points, 32 FFTs
with length of 512 points, and 64 FFTs with length of 256 points, creating a total of 75
processed data sets.

For image set 1, the following input values were used in creating the beamformed
images. The wave speed through tissue at 100 Hz was set at 4 m/s. The wave speed at
1000 Hz was set at 12 m/s. These values were selected based on given wave speed values
of 3.75 m/s and 13 m/s, respectively, and should be experimented with in future image
sets. The RVDR enhancement value was 6.0. This value was chosen while experimenting
with one of the above data sets. All 15 channels were processed.
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APPENDIX B
IMAGES FOR IMAGE SET 2

The image set in this appendix comprises images from 25 data sets. Each data set
consists of approximately 16,000 data points, selected from a 60-second sample. The points
were taken exclusively from the diastolic phase of the heartbeat. An EKG was used to
definitively identify the S1 heart sound. From that, the S2 heart sound was located and data

points were taken from the interval between the S2 sound and the following S1 sound.

Each of the 25 data sets was processed using three different combinations of FFT length
and number of FFTs performed: 16 FFTs with length of 1024 points, 32 FFTs with length of
512 points, and 64 FFTs with length of 256 points, creating a total of 75 processed data sets.

For image set 2, the following input values were used in creating the beamformed images.
The wave speed through tissue at 100 Hz was set at 4 m/s. The wave speed at 1000 Hz was set
at 12 m/s. These values were selected based on given wave speed values of 3.75 m/s and 13 m/s,
respectively, and should be experimented with in future image sets. The RVDR enhancement
value was 6.0. This value was chosen while experimenting with one of the above data sets. Nine
of the 15 channels were procéssed. Processing 9 channels allows a comparison of the linear array
and the volumetric array. This comparison will provide insight into the effect of the array’s

“wings” on the final image.
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