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ABSTRACT 

Urinary bladder volume information is useful for treating 

many patients. Bladder volumes may be calculated by numerical 

integration if the locations of at least AO points on the bladder 

walls are known. The wall locations may be measured with ultrasonic 

pulse-echo techniques. The accuracy of the calculated volumes 

depend on the accuracy of the range measurementes. The potential 

accuracy of these measurements was tested experimentally on flat 

targets of Fiberglas cloth, cotton cloth, beef muscle, and excised 

cow bladder. The target ranges were estimated by threshold scanning 

the echoes and applying corrections for the ultrasonic beamwidth and 

pulse length. The results show that the beamwidth and pulse length 

contribute range errors that increase systematically as the beam-

target incident angle increases. The average range error for all 

targets before correction was k.2 mm but was reduced to 0.2 mm after 

the corrections were applied. 
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CHAPTER 1 

INTRODUCTION 

Clinical Situations Where Urinary Bladder 
Information Is Useful 

Knowledge of urinary bladder volume is useful in a number of 

clinical situations. Holmes (1981) reported that the most common 

clinical situation where bladder volume information is useful is in 

screening older males for prostatic obstructions. Such observations 

may result in incomplete voiding and the volume of the residual urine 

indicates the seriousness of the problem. Recurrent urinary tract 

infections may be the result of chronic urine retention, so estimates 

of residual urine are of use in these patients. Other cases where 

bladder volume information is pertinent include patients undergoing 

renal clearance studies and those with acute oliguria or anuria. 

Patients with spinal cord injuries who have lost sensation and volun

tary control of their bladders represent another clinical population 

where volume information is useful. 

Currently, patients suspected of retaining urine may be cathe

ter ized to drain the bladder so the residual volume can be removed. 

Because bladder catheterization increases the risk of urinary tract 

infections and is an uncomfortable procedure for the patient, it should 

be avoided (Holmes, 1981). A noninvasive technique for screening 

patients with urine retention problems is therefore desirable. 

1  
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Present Use of Ultrasound in 
Determining Bladder Volumes 

Holmes (1978, p. 356) and Resnick and Boyce (1979, p. 231) 

reported the use of ultrasound to estimate bladder volumes. In the 

most accurate techniques described, a series of sagittal B-scans (a 

two-dimensional display of ultrasonic scans where the brightness of the 

display corresponds to the strength of the echoes) of the bladder are 

taken. The B-scans are taken at lateral increments of 1 cm and reveal 

the bladder cross section at that position. The cross-sectional area 

of the bladder in each B-scan is found by using a planimeter and the 

bladder volume is estimated by adding the individual areas. The 

accuracy of the volumes calculated with this technique has been 

reported as ± 10% (Holmes, 1978, p. 356). 

Holmes (1967, P- 65*0 also attempted to calculate bladder vol

umes by using the maximum anterior-to-posterior dimension of the 

bladder as measured from A-scans (an ultrasonic display where the 

amplitude of the echoes from a single pulse are displayed as a func

tion of time). He found the correlation between these measurements 

and voided volumes to be very poor. In a subsequent study, Holmes 

(1971, p. 303) showed that the shape of the bladder varies greatly, 

both within and between individuals, and does not consistently 

correspond to a particular, simple geometric shape. Because the 

bladder does not generally conform to any particular shape, simple 

measures of the maximum anterior-to-posterior dimension and height 

are insufficient to predict volume reliably. 
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Garner et al. (n.d.) performed a comparative study of integra

tion algorithms for computing organ volumes based on the location of 

a relatively small number of points on the organ's surface. They 

used computer simulations on a variety of organ shapes and sizes and 

concluded that, in the presence of certain types of measurement noise, 

Simpson's rule gave the best results of the methods studied. 

System Concept for a Portable and Inexpensive 
Instrument for Measuring Urinary 

Bladder Volumes 

The volume estimates described by Holmes (1978) and Resnick 

and Boyce (1979) have employed general-purpose diagnostic ultrasound 

equipment. Such equipment is traditionally located and operated by 

the hospital's radiology department (Holmes, 1978, p. 353). Examina

tions must therefore be scheduled in advance and the patient must be 

transported to the equipment. Holmes (1978, p. 353) noted the desira

bility of using portable ultrasonic examinations. Thus, a portable 

and inexpensive instrument for measuring bladder volume would be 

clinically useful. 

The work of Garner et al. (n.d.) shows that volumes can be 

estimated from a relatively small data base. The bladder wall loca

tions required for their integration routines may be estimated from 

A-scans of the bladder. It is not unreasonable to expect that a 

microprocessor-based instrument, small and inexpensive, could estimate 

bladder wall locations from A-scans and implement Simpson's rule to 

compute the enclosed volume. A possible configuration for such an 

instrument is shown in Figure 1.1. 



TRANSDUCER DRIVEN ON 
A MECHANICAL MOUNT 

FLUID-FILLED CHAMBER TO 
COUPLE ULTRASOUND TO PATIENT 

ELECTRONICS FOR 
PROCESSING AND DISPLAY 

FLEXIBLE MEMBRANE FOR 
CONTACT WITH PATIENT'S 
ABDOMEN 

Figure 1.1. A possible configuration for an ultrasonic bladder 
volume measuring instrument 

System Requirements 

A number of related questions concerning the design of such an 

instrument must be addressed: 

1. Should the examination be made automatically, semi-

automatical ly, or manually? 

2. What transducer should be used? 

3. How should the transducer be coupled to the patient? 

k. What type of transducer scanning motion is best? 

5. How can the system find and identify the bladder (especially 

small bladders)? 

6. How should range estimates be made from the A-scans? 



7. What accuracy is required in the range estimates? 

8. How can multiple reflection artifacts in the data be handled? 

9. What effect does refraction of the ultrasound have on the 

range estimates and the volumes computed? 

In this thesis it has been assumed that the examination will b 

made by a single transducer mounted within a fluid bath. The bath 

would be contained by a flexible membrane that comes in direct contact 

with the patient's skin. Such an arrangement allows for a rapid auto

matic or semiautomatic scanning motion of the transducer. Because 

there is no direct contact between the transducer and the patient, 

automatic scans can be carried out safely. The use of a flexible mem

brane for contact with the abdomen (appropriately prepared with some 

coupling material such as mineral oil) will give good acoustical 

coupling over a broad area. 

This thesis attempts to answer questions concerning how bladde 

wall locations can be estimated from A-scans and how accurately they 

must be measured. The question of what transducer scanning motion is 

best is treated only insofar as it affects the bladder wall range 

estimates. The problems of identifying the bladder and dealing with 

multiple reflection and refraction artifacts are not considered. 



CHAPTER 2 

THEORETICAL AND PRACTICAL 

DESIGN CONSIDERATIONS 

Required Volume Estimation Accuracy 

There appear to be two major uses for a bladder volume measur

ing instrument: (l) determining relatively large bladder volumes and 

(2) detecting whether or not there is any significant residual volume 

after voiding. Holmes (1978, p. 353) used a planimeter to integrate 

full bladder contours from serial sagittal B-scans and claims accura

cies of ± 10% compared with voided or catheterized volumes. This, he 

(p. 353) stated, .  . would seem sufficiently accurate for most 

clinical problems." Holmes (p. 353) pointed out that .  .  often, it 

is not necessary to know the amount of residual urine but, rather, only 

whether any is present." 

Gockel and Ermert (1977, p. 399) stated that spinal cord injury 

patients with neurogenic bladders may suffer from chronic urinary 

infection if residual volumes exceed 25%. For typical full bladders 

of 400 ml a residual volume of 100 ml would thus indicate a serious 

urine retention problem. 

The reports of Holmes and Gockel and Ermert imply that a rea

sonable and appropriate accuracy goal for a dedicated clinical instru

ment should be ± 10% of full bladder volume. Small residual volumes 

of 50 ml to 150 ml will be more difficult to measure, and an accuracy 

6  



of 50 ml is proposed for these. Holmes (1981) indicated there is 

probably l ittle diagnostic need for accuracies much greater than ± 10% 

Optimum Transducer Scanning Geometry 

There are several possible scanning motions of the transducer 

to get the bladder wall range estimates (Figure 2.1). The Cartesian 

coordinate scan does not appear promising because part of the full 

bladder and all of a small residual volume is beneath the pubic symphy 

sis. The Cartesian scan cannot easily get at this region, but the 

cylindrical and spherical scans can. There are some minor advantages 

in accuracy when using cylindrical scans instead of spherical scans 

(see Appendix) but the best scanning geometry will probably be deter

mined by clinical trials of prototype instruments. 

x 

•BLADDER 

Z 

•X 

Figure 2.1. Various geometries for scanning the bladder; 
(a) Cartesian, (b) cylindrical, and (c) spherical 
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Required Range Accuracy 

The volume accuracy depends on the accuracy of the bladder wall 

range estimates. It is shown in the Appendix that volumes calculated by 

Simpson's rule will be normally distributed regardless of the type of 

noise present in the range estimates. The simulation studies of Garner 

et al. (n.d.) show that Simpson's rule is an unbiased volume estimator 

for unbiased noisy data values. It is thus possible to extend the 

volume accuracy requirement by specifying a confidence interval. A 

reasonable requirement is for the volume accuracy computed by the 

instrument for full bladders to be within ± 10% of the true value for 

95% of all volumes estimated. Because the volume estimates are unbi

ased and normal, this is the equivalent of requiring the standard 

deviation to be 5% of the correct volume for volumes calculated from 

unbiased range data. 

The results of Garner et al. (n.d.) indicate that Simpson's 

rule gives unbiased volume estimates with a standard deviation of 5% 

under fairly severe noise conditions. Their simulations met the 5% 

criterion when zero-mean gaussian noise with a standard deviation of 

6 mm was added to the anterior and posterior wall ranges. The effects 

of range estimate errors alone cannot be deduced from their simulations 

because they also included random disturbances in the organ position 

and transducer scanning orientation. Furthermore, the range data was 

computed and integrated in the organ coordinate system rather than the 

transducer coordinate system, as would be the case for real data. It 

is possible to analytically determine the range accuracy required for 
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a given volume accuracy. This analysis is presented in the Appendix 

and the results show that the permissible zero-mean noise in the range 

estimates is even greater than that indicated by Garner et al. (n.d.). 

Taken together, the Garner et al. results and the Appendix 

analysis indicate that the desired volume accuracy can be achieved if 

the range estimates from at least 20 rays are available. Each range 

estimate can be in error by as much as ± 10 mm but the mean estimation 

error must be zero. No calculations were performed for biased range 

estimates. 

Transducer Beam Pattern 

In both the Garner et al. (n.d.) simulations and the analysis 

presented in the Appendix, the locations of single points on the 

bladder walls have been assumed. This is the equivalent of assuming 

that the ultrasonic beam is like a ray, very narrow and highly 

collimated. The beam characteristics of practical ultrasonic trans

ducers are somewhat different. The effects of real ultrasonic beams 

on measuring bladder wall locations are considered in this section. 

For a plane disk transducer made of a single piezoelectric 

crystal, such as the one used in our laboratory, the ideal shape 

of the beam pattern produced is the same as the diffraction pattern 

produced by plane waves impinging on a circular aperture. This 

assumes that the entire transducer face vibrates in phase. The 

derivation of the pressure distribution for a disk transducer was 

presented by Kinsler and Frey (1962). If Uocostot describes the 

motion of the transducer face, where the face is located at the 
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origin of a polar coordinate system, then for ranges from the trans

ducer that are large compared with its radius (the so-called "far 

field"), the complex pressure at the point (r ,0) is given by 

jp cka2U »/ • \  2J (ka sine) 
n _ o o _j (wt-kr) —; — 
P = ^ eJ  ka sine U-U 

where c is the sonic velocity, k is the wave number, pq  is the steady 

state density, a is the radius of the transducer face, and Ji is a 

Bessel function of the first kind. The beam pattern is determined by 

the directivity function 

D = 2J  'kVine)  (2.2) 
ka sine 

which is plotted in Figure 2.2. Most of the energy is in the major 

central lobe of the pattern but numerous side lobes are also present. 

Figure 2.2. Beam pattern (20 log P) plot for a transducer 
with a/A = 5.62. — After Zemanek, 1971, Fig. 3(c). 
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For the regions close to the transducer, the near f ield, the 

pressure field has been solved numerically (Zemanek, 1971, p. 181). 

Here the beam pattern is more complicated and a number of maxima and 

minima occur both on the beam axis and around it .  The transition 

from the near field to the far field is usually assumed to occur 

at the position of the last axial maximum (Wells, 1977, p. 28). 

rmax " aV l  '  <2 '3> 

The beam pattern discussed so far has been for continuous wave 

radiation. However, most medical ultrasonic equipment and our appli

cation, in particular, makes use of pulsed radiation. The beam 

pattern is modified somewhat for sound pulses because the energy is 

transient and it  takes some time to establish the we 11-developed 

pattern of the continuous wave case. Wells (1977, p. 3*0 stated that 

it  generally takes about 3 to 6 half-cycles for the steady-state 

pattern to be formed in the near field. The pressure distribution 

for pulsed radiation is generally "smoother", with less distinct 

maxima and minima than occur with continuous waves (Papadakis and 

Fowler, 1971, p. 729). 

The beam in the near field is often roughly approximated by 

stating that it  is contained in a cylinder of the same diameter as 

the transducer. Beyond the near f ield the beam diverges. The width 

of the beam and the angle at which it  diverges is determined by the 

ratio of the transducer radius to its wavelength. As a practical 

matter, the beam divergence angle in the far field can be taken as 



12 

the first zero pressure angle of the directivity function (Kikuchi, 

1978, p. 297) 

For a given transducer radius r  Eq. 2.3 implies that the near field 

range increases with decreasing wavelength. So, for two transducers 

of the same radius, the one with the higher frequency will  have 

a narrower beam for greater ranges. I f  the frequencies are the same, 

the transducer with the greater radius will  produce a beam that trav

els farther before it  diverges. The beam will  be wider in the near 

field than that of the narrower transducer, however. The beamwidths 

of several transducers are shown in Figure 2.3. The transducers 

(2.4) 

10' 

5 

TRANSDUCER RADIUS 
a (mm) 

2.25 HHz 

a 3.5 HHz 

0 
5 10 15 20 

RANGE (cm) 

Figure 2.3. Simple representation of the beam patterns for 
10-mm, 13-mm, and 19_mm diameter transducers of 2.25 MHz and 3-5 MHz 
nominal frequency. — is beam divergence angle. 



used in Figure 2.3 include 2.25 MHz transducers of 13 mm and 19 mm 

diameters, and 3-5 MHz transducers of 10 mm, 13 mm, and 19 mm diame

ters. 

Impact of Biological Attenuation 
on Transducer Choice 

Evidently a simple way to get a narrow and highly collimated 

beam is to select a small transducer of high frequency. Unfortu

nately, the ultrasonic attenuation of biological tissues increases 

with frequency. The maximum usable frequency is therefore restricted 

by the required depth of tissues that the signals of interest must 

traverse. Modern diagnostic scanners use 3.5 MHz transducers for 

general purpose abdominal work and frequencies of up to 10 MHz are 

usable for ophthalmic work where the penetration requirements are 

minimal (KB Aerotech, 1978). 

Urine in the bladder attenuates the sound energy very l ittle. 

Indeed, this fact is exploited in obstetric examinations where the 

full bladder is used as a sonic "window" through which to examine 

the underlying uterus. In our application, the deepest that the 

beam needs to penetrate is to the distal bladder wall,  with much of 

the path through the relatively nonattenuating urine when large vol

umes are studied. It  should therefore be possible to take advantage 

of the narrower beams of higher frequency transducers while maintain

ing the required penetration. Wells (1977, p. 155) reported the 

average value of attenuation in soft tissues as about I  dB cm 1  MHz"1 .  

He claimed that a receiver swept gain rate of 1.3 N dB cm *,  where N 

is the center frequency of the pulse, is generally adequate to 



compensate for the attenuation with increasing depth in soft tissues. 

The usable penetration of a transducer is then limited by the receiv

er's dynamic range and signal-to-noise ratio. If  the maximum depth 

of soft tissues overlying the bladder is 10 cm, then Wells' rule-of-

thumb indicates that the receiver would need 65 dB of dynamic range 

to compensate for attenuation losses if  a 5 MHz transducer is used. 

A 3-5 MHz transducer would need about 45 dB of dynamic range. 

Resolution Cell and Deconvolution Techniques 

The ultrasonic pulse has both an axial length and a charac

teristic lateral width. The axial length corresponds to the time 

duration of the pulse multiplied by the sonic velocity of the medium. 

The lateral width depends on the factors influencing the beam pattern 

discussed above. As the pulse propagates through the medium, i t  

spreads out and the intensity of the ultrasound contained within it  

diminishes due to the beam divergence, scattering, and absorption. 

The spatial dimensions of the pulse, or the resolution cell,  

are fundamental to the resolution of the ultrasonic system. Robinson 

and Kossoff (1978, p. 605) noted that the resolution cell can be con

sidered roughly as an ellipsoid with the major semiaxis perpendicular 

to the propagation direction and the minor semiaxis along the beam 

axis. This situation reflects the usual case where the axial resolu

tion is better than the lateral resolution, which is true of the 

equipment used in the laboratory in the Aerospace and Mechanical 

Engineering Department at The University of Arizona. For practical 

transducers used on soft tissues, a typical axial resolution is a few 



millimeters and the lateral resolution may be an order of magnitude 

larger. One of the fundamental goals of diagnostic ultrasonic 

research and equipment design is to improve the resolution attainable. 

The techniques of l inear systems theory can be applied to the echo 

signals to deconvolve the input pulse and improve the resolution 

obtainable with the system. A variety of deconvolution techniques 

as applied to medical ultrasound have been described in the l itera

ture. However, the ultrasonic echoes from the urinary bladder have 

properties that make analysis much easier than in the general case. 

In the special case of the bladder, i t  appears possible to 

use a highly simplified technique to improve both axial and lateral 

resolution. The reason for this is that the interface between urine 

and the bladder wall gives rise to echoes that are quite distinct. 

While the pulse is within the urine, no echoes at all are generated 

and the corresponding receiver output is zero. The time at which the 

receiver output drops to zero corresponds to the passage of the pulse 

through the proximal bladder wall into the urine. The time at which 

the receiver output rises above zero again corresponds to the passage 

of  the  pulse  f rom the  ur ine  in to  the  d is ta l  b ladder  wal l  (F igure  Z.k). 

The ease of detecting this extended period of zero output in the 

resulting A-scan suggests that a simple threshold comparison technique 

is adequate to detect the times when the pulse passes between the 

urine-bladder wal1 interfaces. 

From here on it  is assumed that the received signals are 

passed through a full-wave rectifier before applying the threshold 

technique. This ensures that all  the waveforms are unipolar and a 
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AMPLITUDE 
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/ 
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Figure 2.*». Ultrasound path through urine-fil led bladder 
and the corresponding A-scan 

positive threshold will  yield the best range estimate. Also, we wish 

to apply the threshold technique to digitized A-scans. In order to 

l imit the required sampling rate, the demodulated signal is first 

low-pass fi ltered. This restricts the bandwidth of the signals, 

which"means longer rise times and a loss in range resolution. The 

10% to 90% rise time, t r>  of a band-limited system in response to 

a step function input is approximately given by Lathi (197*», p. 15*0 

i- -  M5 
r " B 

(2.5) 
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where B is the system bandwidth in Hertz. The maximum error for the 

threshold technique, A r>  is then 

a = — t = — ^ ( 9 
r 2 r 2 B * ( 2 '6 )  

When the reflection is strong and the peak value is many times larger 

than the threshold value, the error may be considerably smaller than 

A . 
r 

Consider the case of a single point reflector located in the 

transducer's sound field (Figure 2.5a). Let the interrogating pulse 

have a duration T such that the received echo voltage, f(t),  and the 

threshold voltage, V^., have the relationship 

f(t) > V f c  ; tj  s t  s t] + T .  (2.7) 

Assuming that f(t) has been digitized and now resides in the computer's 

memory, the presence of the echo can be detected by threshold scanning 

forward in time (forward in memory), i f  the scan is started at some 

t  i  me t  < t  j .  

The range to the reflector can also be estimated by threshold 

scanning the digitized A-scan backwards from some time t > t j  + T. 

The threshold is detected at t j  + T and the pulse length, T, must be 

subtracted before the range estimate is computed. 

Now consider a series of point reflectors on the beam axis 

that are spaced at intervals less than the axial pulse length (Figure 

2.5b). Let the first reflector be at range Ri and the last at R2 and 

assume that multiple reflections are negligible. The received echoes 
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Figure 2.5- A-scans of echoes from ideal
ized point reflectors; (a) single point reflector 
(b) series of reflectors along beam axis, and 
(c) infinite plane composed of point reflectors. 



are as shown in Figure 2.5b. Clearly, the threshold technique cannot 

be used to measure any of the intermediate reflector positions. How

ever, thresholding may stil l  be used to estimate the range of the 

first and last reflector. This fact is useful when considering plane 

targets, which are more pertinent to the problem of finding bladder 

wall ranges. 

Figure 2.5c shows an infinite plane composed of densely packed 

point reflectors oriented perpendicular to the transducer at range R. 

For this target the response is given by the sum of the convolutions 

of all the reflectors with the sound pulse. The received echo is of 

greater amplitude than for a single reflector but is otherwise not 

much different. Threshold detection can stil l  be used to make accu

rate estimates of R. 

I f  the plane is ti lted so the beam has an incident angle, 3, 

as shown in Figure 2.6 the situation changes. Consider a cylindrical 

resolution cell whose radius, A, corresponds to the beamwidth and 

whose length, cT, corresponds to the pulse duration. As the pulse 

approaches the target a portion of the leading surface of the resolu

tion cell intersects the plane and energy is scattered from this part 

of the plane and received at t^. Figure 2.6 il lustrates the pulse as 

it  proceeds through the plane. More energy is scattered back to the 

transducer as more of the full cross-section of the resolution cell 

intersects the plane until the entire leading surface penetrates the 

plane. The scattered energy begins to decrease as the back surface 

of the pulse passes beyond the plane and finally disappears at time 



Figure 2.6. Echo formation from a flat target 
at incident angle 3 = ^5° 
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The range to the plane is defined as the range to the point 

where the beam axis intersects the plane. Threshold detection of the 

received A-scan underestimates the range if  t i  is used and overesti

mates the range if  t2  is used. Thus, the beam's finite lateral 

resolution leads to biased range estimates if  the threshold technique 

is used on extended boundaries of non-normal incidence unless a cor

rection factor can be applied. 

The range estimates can be corrected if  both the target inci

dent angle and the resolution cell dimensions are known. For a plane 

at range R, as shown in Figure 2.6, the closest point that is 

detected is at range 

ri  = R -  Atan3 (2.8) 

and the farthest point is 

r2  = R + Atan3 • (2.9) 

In terms of the times measured by the threshold, t j  and t2 ,  the cor

rected range estimates are 

r = j  tj + Atan3 (2.10) 

and 

r = f(t2  - T) -  Atang .  (2.11) 

In order for the resolution cell to be cylindrical, the defini

tion is restricted to the beam far field; this is out of the region 

where pressure minima occur on the beam axis. 
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The dimensions of the resolution cylinder must be defined in 

terms of some acoustical parameter such as intensity. The cylinder 

radius, A, is the perpendicular distance from the beam axis such that 

the intensity for distances less than A is greater than some reference 

value. The pulse intensity in the far field decreases as it  propa

gates so the dimensions of the resolution cell also change. The 

changes in the resolution cell dimensions depend upon the definition 

of the reference intensity. The meaning and proper choice of the 

reference intensity is discussed next. 

The receiver ouput voltage, f(t),  depends on the reflected 

sound pressure integrated over the transducer face. The amplitude 

of the transducer output is proportional to the apparent backscattered 

acoustical intensity, or the "effective intensity" of the sound back-

scattered from the target. For a given target the effective intensity 

of the echo decreases as the target range increases because of the 

sound beam attenuation, which is manifested as a drop in the receiver 

output voltage, f(t).  If  the receiver sensitivity and threshold 

voltage are fixed, then there will  be some maximum target range beyond 

which the received echoes in f(t) cannot be detected by the threshold 

scan. At that point, for purposes of target detection with threshold 

scans, the effective dimensions of the resolution cell are zero. So, 

for a fixed receiver sensitivity and threshold voltage, the reference 

intensity that defines the beamwidth and pulse length is also fixed, 

and the resolution cell dimensions correspond to iso-intensity regions 

in the sould field as they appear to the receiver. The iso-intensity 

regions for a given transducer may be mapped experimentally by the 
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technique given by Wells (1977. p. 107) where a standard target is 

moved about in the sound field and the resulting echo intensities, 

as measured by the receiver output, f(t),  are used to make iso-

intensity contour plots. 

If  the receiver uses time-gain compensation to compensate for 

the beam attenuation, then the reference intensity is also compensated 

for attenuation. In this case, the radius of the resolution cell,  

corresponding to the effective beamwidth, increases with range because 

the beam diverges in the far field. 

It  was noted above that the ultrasonic attenuation of soft 

tissues is frequency dependent. The higher frequency components of 

the pulse are more strongly attenuated than the lower frequency compo

nents so soft tissue is in effect an ultrasonic low-pass f i lter. This 

dispersive absorption means that the effective resolution call dimen

sions also increase as the pulse propagates through soft tissues 

(Wells, 1977, p. 155). So, in the far field there are at least two 

effects that contribute to increases in the resolution cell dimensions 

as it  propagates through soft tissues: 

1. The beam divergence that is a consequence of diffraction by 

the circular aperture of the transducer. 

2. Dispersive absorption. 

I t  is assumed that the time-gain compensation of the receiver compen

sates for both divergence and absorption effects. In that case, 

Figure 2.7 shows a conceptual representation of how the effective 

resolution cell dimensions change as the pulse propagates through soft 

t i  ssues. 
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Figure 2.7. Conceptual view of changes in the /resolution 
cell dimensions as it  propagates through soft tissues, assuming that 
time-gain compensation is used by the receiver 

It  should be noted that the use of cylinders to model the 

resolution cell implies infinitesimal rise and fall times in the 

generated pulse. This is surely not the case in real band-limited 

systems, and the ellipsoidal shape of Robinson and Kossoff (1978, p. 

605) or the "shortened teardrop" shape mentioned by Wells (1977, p. 

157) are undoubtedly better representations of the real resolution 

cell.  However, these authors simply use the resolution cell as a 

conceptual device to explain the resolution limitations of simple 

pulse echo techniques in medical imaging. On the other hand, the 

application of deconvolution techniques to improve ultrasonic images 

requires a much more detailed description of the resolution cell,  or 

point-spread function, used in making the image. The experimental 
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results presented in Chapter k show that the corrections given in 

Equations 2.10 and 2.11 give sufficiently accurate results for the 

use of simple cylindrical resolution cells to be justified, at least 

for the situations investigated in this research. 

Implementation of the Resolution 
Cell Corrections 

Figure 2.8 shows an ultrasonic B-scan and typical A-scan of 

a patient with a full bladder. The ease of identifying the interior 

of the bladder in both A-mode and B-mode scans has motivated the 

simple threshold range estimation scheme detailed above. 

Correcting the range estimates for lateral resolution requires 

a priori knowledge of the incident angle. The instrument might accom

plish this by first finding the bladder and then scanning until i t  

finds the proximal wall location that is closest to the transducer. 

At this location the beam makes normal incidence with the proximal 

wall.  More scanning would reveal the distal wall location farthest 

from the transducer and where the beam also makes normal incidence. 

From these two reference points on the bladder wall the incidence 
I 

angle at any position can be estimated by keeping track of the wall 

range variations as the organ is scanned. 

The range correction factors in Equations 2.10 and 2.11 were 

derived assuming a plane target. This is approximately true for the 

bladder only when the beamwidth, A, is small compared to the radius 

of curvature of the organ wall.  The simple case of a single radius of 



Figure 2.8. Ultrasonic scans of a patient's full 
bladder; (a) B-scan and (b) A-scan from position #1 in (a). 
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curvature, R, is shown in Figure 2.9. From the geometry of Figure 

2.9, the range estimate will  be in error by 

e  = R -_y-A2 (2.12) 
cost 

or 

A2 /R2  .  (2.13) 
R cos 3 

The error is negative (range underestimated) i f  the surface is concave 

with respect to the transducer and positive (range overestimated) i f  

it  is convex. 

The errors in a more realistic case of a surface with a 

second radius of curvature orthogonal to the first have not been 

worked out. An approach would be to formulate range corrections based 

Figure 2.9. Geometrical relationship of target and ultra
sonic beam when the beamwidth (A) is not small compared with the 
radius of curvature (R) of the target surface. — The corrections 
derived for flat targets are for the chord shown and the range 
estimation error is e. 



on cylindrical or ellipsoidal resolution cells where the wall surface 

is characterized by incident angle and two radii of curvature. The 

radii of curvature can be estimated in the scanning coordinates by 

the variations in proximal and distal wall ranges. 

Refraction Effects 

The sonic velocities of soft tissues vary by 5% and 10& 

around an average of about 1,5^0 m/sec. These realtively small veloc

ity variations indicate that refraction artifacts are also small and 

they are generally ignored in ultrasonic imaging systems. In the 

current application, range errors propagate into volume errors and 

the possibility that refraction results in small but systematic range 

errors could have a significant impact on the result. One of the most 

significant velocity differences is between muscle and fat. O'Brien 

(1977, p. 19*0 l isted striated muscle in the range of 1,545-1,631 

m/sec; fat is slower at 1,410-1,479 m/sec. Robinson and Kossoff 

(1978, p. 55) noted that fat-muscle interfaces are one of the biggest 

contributors to refraction artifacts in medical ultrasonics. This 

fact is of interest because most of the path of the ultrasonic beam 

to and from the bladder is through successive muscle and fat layers. 

Simulations of refraction and resulting volume errors were 

carried out by Bryan Reutter (1982). These simulations applied 

Snell 's law to tissue layer models of analytically defined shapes. 

Preliminary results indicate that refraction can add errors of up to 

10% of the computed volumes. 
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The author (Mcintosh, 198la) has written and evaluated ray 

tracing software where the ray path Is evaluated point-by-point as it  

traverses a velocity field arbitrarily defined in a stored array. 

This technique is useful for simulating refraction where the tissue 

layers are not modeled with analytically defined shapes. The number 

of computations and memory size required make i t  impractical for use 

with the small computer available in the laboratory, however. 

Work is currently underway to find ways of correcting for 

refraction errors in the range estimates and the resulting volumes. 

Summary 

The accuracy required for a clinically useful urinary bladder 

volume measuring instrument has been assessed. I t  is proposed that 

such an instrument measure full bladders of ^00 ml or more with an 

accuracy of ± 10% in 95% of all patients tested. The volume calcula

tion will be based on Simpson's rule, applied to at least kO bladder 

wall range estimates. Previous work (Garner et al. ,  n.d.) and further 

statistical analyses presented in the Appendix show that Simpson's 

rule will  meet the proposed accuracy if  the range estimates are 

unbiased and correct within ± 1 cm. 

The characteristics of practical ultrasonic equipment and the 

impact of those characteristics on measuring ranges from the bladder 

have been discussed. The attractiveness of using a simple threshold 

technique on digitized A-scans of the bladder to estimate the wall 

locations has been noted. A simple cylindrical model of the ultra

sonic resolution cell was used to derive corrections to the threshold 



range measurements made from flat targets. These corrections are 

necessary to remove errors that arise from the ultrasonic beamwidth 

and pulse length. 

Changes in the effective resolution cell dimensions caused by 

the receiver time-gain compensation, beam divergence, and biological 

attentuation effects have been discussed. No quantitative analysis 

of the effects of these factors on the resolution cell size has been 

performed. Efforts have instead been concentrated on testing the 

threshold technique on digitized A-scans made in the laboratory. 

The techniques used and results of these experiments are presented 

in Chapter k. 



CHAPTER 3 

EXPERIMENTAL HARDWARE AND SOFTWARE 

Ultrasound System 

A Unirad model Sono I I  diagnostic ultrasound scanner generated 

and received all of the ultrasonic signals used in this investigation 

(Figure 3-1). The Unirad unit was designed for clinical use and has 

the electronics and displays integrated within an examination table. 

In normal operation the ultrasonic transducer is mounted on the end 

of a flexible, instrumented arm. The position and direction of the 

transducer is measured and used to display B-mode information on the 

scanner's storage oscilloscope. A conventional oscilloscope is also 

available for displaying A-mode information and the time-gain compen

sation of the amplifier. 

For the experiments performed, only the Unirad transducer and 

transmitter/receiver circuitry were used. The transducer was removed 

from the instrumented arm and mounted on a specially constructed 

calibration tank. The amplifier output was fed directly to a high

speed digital sampling oscilloscope to capture and display the 

received signals. 

The transducer provided with the Unirad scanner consists of a 

single piezoelectric element made of lead zerconate titanate. The 

crystal is circular in cross-section with a diameter of 13 mm and a 

nominal frequency of 2.25 MHz. 

31 



Figure 3>1< Unirad model Sonos I I  
diagnostic ultrasonic scanner 
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Pulse-generating circuitry in the Unirad transmitter applies 

what the operating manual calls a "90 V current pulse" to the trans

ducer at repetition rates adjustable from 385 pulses per second (pps) 

to 1,538 pps. The excitation pulse measured with and without the 

transducer present are il lustrated in Figure 3.2. 

The Unirad receiver is an RF amplifier with an overall gain 

specified at 89 dB. A two-step attenuator allows gain adjustment in 

10 dB and 1 dB increments. Large echo amplitudes from objects close 

to the receiver are equalized with the smaller echo amplitudes from 

more distant objects by the time gain compensation (TGC) circuitry. 

The TGC works by initally holding the amplifier gain down following 

HORIZONTAL - I UUC/DIV 
VtRTICAl - 20 V/OIV 

HORIZONTAL • t USCC/OIV 
VERTICAL - SO V/OIV 

a. b. 

Figure 3.2. Excitation pulse (a) without transducer and 
(b) with transducer present 



the excitation pulse and then allowing it  to gradually rise to the 

maximum gain. Controls are provided to adjust the initial gain, the 

rate of increase, and delay before the increase commences. 

The output from the amplifier is converted from RF to video 

by a full-wave rectifier circuit. Both the RF and video signals have 

been brought out to external connectors for easy access in our experi

ment. 

Calibration Tank 

Test objects were placed in a 90-L water tank constructed 

by the author and pictured in Figure 3.3. The transducer is accous-

tically coupled to the tank via a thin vinyl membrane that covers 

a hole in the side of the tank. A few drops of water are placed 

between the transducer and the membrane to ensure good coupling to the 

interior. Meter sticks attached to the tank and target holders allow 

targets to be moved to desired locations with a precision of ± 0.2 mm. 

A thermostatically controlled aquarium heater is used to keep 

the tank water temperature at 25°C. The speed of sound in water at 

this temperature is 1,^98 m/sec and has a temperature coefficient at 

2.4 m/sec/°C or 0.16%/°C. Noticeable errors in range measurements 

result if  temperature fluctuations greater than 3°C are not taken 

into account. 

Data Acquisition and Processing Hardware 

A Gould model 0S4020 digital storage oscilloscope with digital 

interface was used for digitizing and displaying the output of the 

Unirad receiver. The 0S4020 has a top sampling rate of 2 MHz for 



Figure 3.3. Calibration tank for 
ultrasound experiments 



8-bit data and a storage capacity of k K bytes. This sampling rate 

is clearly too low to prevent aliasing of the RF signals, so these 

were completely unavailable for the work done here. The video output 

contains most of its energy at frequencies below 500 KHz and it  can be 

sampled by the 0S4020. The full-wave rectifier in the Unirad RF-to-

video circuitry results in significant ripple at 4 MHz, double the 

transducer frequency. This ripple appears as noise in the video sig

nal when sampled by the 0S^020. A simple 2-pole RC low-pass fi lter 

with -3 dB cutoff at 350 KHz was used prior to sampling to eliminate 

the ripple. 

An Apple I I  Plus microcomputer is connected to the 05^020 via 

a parallel interface and is used for data processing and storage. The 

Apple I I  is equipped with two mini floppy-disk drives for permanent 

storage and a thermal printer for hard copy output. A Watanabe 

digital plotter is also available. 

Software Development 

A substantial software development effort was required to 

integrate the operation of the Unirad scanner, calibration tank, 

digital oscilloscope, and Apple I I  mirocomputer. The main program is 

MOJO, an interactive routine written in BASIC and 6502 assembly langu

age that accepts commands from the Apple keyboard to handle various 

data acquisition and processing tasks. Typical tasks include reading 

and writing data to and from the oscilloscope, storing and retrieving 

data from diskette storage, performing threshold scans of the data, 

computing target ranges, setting markers within the data, etc. 



A separate BASIC program, NEWPL0T2, written by Bryan Reutter and the 

author is used to make the iso-intensity plots on the digital computer. 

A detailed description of the software and its use is given elsewhere 

(Mcintosh, 1982). 

Because the Apple I I  is inexpensive and is used for all the 

software developed in the laboratory, i t  is a l ikely candidate for 

use in the prototype clinical instrument. A critical question that 

must be answered during clinical trials is how reliably the instrument 

can locate and identify the bladder. At this evaluation stage the 

availability of a B-mode display will  be quite useful to verify the 

operation of the instrument. Software using the Apple l l 's high reso

lution graphics capability to make a B-mode display has been developed 

and is described elsewhere (Mcintosh, 198lb). Besides its potential 

use in a clinical prototype, this software has proven useful for 

visualizing certain aspects of the range measurements covered in 

Chapter 4. 



CHAPTER 4 

EXPERIMENTS AND RESULTS 

Determination of Transducer Intensity Pattern 

The ultrasonic radiation pattern was mapped by a technique 

similar to that described by Wells (1977, p. 107). A steel ball 

bearing, 4.8 mm in diameter, was mounted on a rod and suspended in 

the calibration tank. The peak voltage, V, for each target position 

was measured and the relative sound intensity in decibels was com

puted :  

l re ,<dB) -  10 logtV/VJ (4.1) 

where V is the maximum amplitude found in the sound field. The 
max 

data array was saved on disk and may be plotted on the digital plotter 

by using the routine NEWPL0T2. The data contours plotted represent 

either the iso-intensity contours of the sound field (Figure 4.1a), or 

the relative beamwidth (Figure 4.1b), in which V is replaced by the 3  '  max K 1  

local maximum voltage at each range. 

To avoid possible confusion, an explanation of why Equation 

4.1 is a measure of relative intensity and not pressure may be helpful. 

As a receiver, the voltage output of the transducer is proportional 

to the incident sound pressure integrated over the transducer aperture. 

Sound intensity is proportional to the square of the pressure, so one 

might expect that Equation 4.1 should use the square of the ratio of 

the voltages measured. This would give erroneous results for the 
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Figure 4.1. Beam intensity pattern; (a) 
and (b) beamwidth contours at -2.5 dB intervals. 

iso-intensity contours at -2.5 dB intervals 
— All dimensions are in centimeters. v*> 

vo 
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experimental procedure described above, however. The complex sound 

pressure that is incident on a point target in the far field is given 

by Equation 2.1. Upon reflection, the point may be considered as a 

source that radiates a spherical wave, and the form of the pressure 

seen at the transducer is also given by Equation 2.1. This reciproc

ity between the source and the receiver means that the beam pattern 

of the transducer could also be mapped by moving a point source of 

constant strength in the region in front of the transducer and measur

ing the transducer output. In the experimental procedure the steel 

ball functions as a point source, but because it  is actually a 

reflector, its strength obviously depends upon its location in the 

transducer's radiation field. From Equations 2.1 and 2.2 the apparent 

amplitude of vibration of the point source, Ug ,  is 

U5  = b|[D] 

where b is a constant of proportionality. The amplitude of the pres

sure reflected back to the transducer, p r ,  is then given by substitu

ting Us  for Uq  in Equation 2.1 (and considering only the amplitude 

portion of that expression): 

pocka2bl) 

Pr " "l^W2  

But, the sound intensity of a piston is (Kinsler and Frey, 1962, 

P. 171) 

b'U 2  

i  - -t§-[D]2  .  
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where b" is another constant. So, when the transducer output ampli

tude, Uq ,  is constant, as it  is in the experiments, then p r  is propor

tional to I .  The voltage output of the receiver is proportional to 

P r  and, therefore, Equation 4.1 is the correct formula for computing 

relative intensities. 

The attenuator on the receiver is calibrated on the basis of 

signal power so, for example, a 10 dB increase on the attenuator will  

make the signal amplitude drop by a factor of 3-16. The considerations 

above show that such a drop in amplitude would correspond to only a 

5 dB drop in sound intensity, however. The experimental results pre

sented here are made with reference to the receiver attenuator set

tings, and the distinction between the measurement of signal power in 

decibels and the corresponding difference in sound intensity should be 

kept in mind. 

Target Reflection Characteristics 

The range corrections (Equations 2.10 and 2.11) for cylindri

cal resolution cells were tested on flat targets of Fiberblas cloth, 

cotton cloth, beef muscle, and cow urinary bladder. Each sample was 

held flat in the Plexiglas holder shown in Figure k.2. The holder 

was clamped to the tank at known ranges but the sample was free to 

rotate. The axis of rotation of the holder was designed so that it  

coincided with one face of the target. The holder was clamped so 

that the axis of rotation intersected and was perpendicular to the 

transducer axis. In this way it  was possible to vary the incident 

angle the ultrasonic beam made with the target while maintaining a 

constant range to the target at the axis of rotation. 
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Figure k.2. Sample holder used for 
variable incident angle experiments. — The 
Fiberglas cloth is shwon mounted in the holder. 
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Fiberglas cloth was used because it  is thin (0.5 mm) and 

returns fairly strong echoes at all incident angles. Thin targets 

are useful because two calibrated range estimates can be made from a 

single echo. The range to the front of the target, r^., can be esti

mated by threshold scanning forward in time and applying Equation 

2.10; the range to the back of the target, r^, can be estimated by 

scanning backward in time and applying Equation 2.11. Because the 

target is thin, r^. and r^ are approximately equal and both remain 

fixed over all  the incident angles. Thus, both the forward and back

ward scanning thresholds can be tested in a single experiment. 

The peak amplitude of the echoes from Fiberglas cloth as a 

function of incidence angle, 3 ,  are plotted in Figure 4.3. A maximum 

o. • 

-10.  .  

-2O4— 
•60 -20 

Figure k.3. Peak amplitude of Fiberglas cloth A-scans vs. 
incident angle (3) 
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echo amplitude is received at normal incidence (3 = 0°), which was 

also the case for all material tested. The peak amplitudes decrease, 

then increase, and then decrease again as the beam incident angle 3 

goes from 0° to 60°. Reid (1976, p. k5) noted that the shape of the 

rapid decrease in peak amplitude as any target passes normal incidence 

is characteristic of the beam, not the interface. The reason for 

this is that the specular reflection of the beam sweeps across the 

transducer face as the flat interface is rotated through normal 

incidence. For Fiberglas cloth, however, the peaks at 3 = ± 30° can 

be attributed to the regular "bands" of the Fiberglas threads in the 

cloth's contruction. These "bands" were parallel to the rotation axis 

during the experiments and so constructive or destructive interference 

occurred as the range between successive "bands" varied by integer 

multiples of A/2. These scattering effects are not of direct interest 

here. 

Figure 4.4 shows the echoes from the Fiberglas at a range of 

12 cm for 3=0°, 30°, and 60°. The echoes spread out over time as 

the magnitude of the incident angle increases, which is to be expected 

because the beam has finite width. Figure 4.5a shows the spreading of 

the signals in time versus incident angle in a B-mode display. The 

B-mode display is the composite of several A-scans, one of which is 

il lustrated in Figure 4.5b. The vertical axis in the B-mode display 

corresponds to the incident angle and the horizontal axis corresponds 

to time. The dots on the screen l ight up wherever the amplitude in 

the corresponding A-scan is greater than some fixed threshold, so the 

l ight areas of the display show the presence of an echo. This display 
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HORIZONTAL -  5.9 USEC/DIV 
VERTICAL -  1 V/DIV 

30° 

Figure k.k. A-scans from Fiberglas cloth at 
12-cm range for indicent angles of 0°, 30°, and 6.0° 
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Figure 4.5. Fiberglas cloth echoes as incident angle 3 
changes; (a) a GI MAGE B-scan photograph showing echo intensity of 
target incident angle vs. time t and (b) a single A-scan of Fibergl 
cloth when 8 « -35° 
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clearly shows that the errors in the range estimate made by threshold 

scanning get consistently larger as the magnitude of the incident 

angle increases. 

Both the echo amplitude and the amount by which it  spreads 

out in time at any given incident angle depends upon the receiver 

attenuator settings. Figures k.6a, -b, and -c show A-scans at 

incident angles of 0°, 30°, and 60°, respectively, where the receiver 

attenuator was set at ^0 dB, 50 dB, 60 dB, and 70 dB. As the receiver 

attenuation is increased the amplitude and amount of spreading in 

time can be seen to decrease. 

Experiments to Test the Correction Factor 

A question to be resolved was whether or not the effective 

dimensions of a cylindrical resolution cell could be found which, 

given a target at fixed range, threshold voltage, and receiver attenu

ation, would minimize the range errors. The effective dimensions of 

the resolution cell are defined as that beamwidth and pulse length 

combination which, when Equations 2.10 and 2.11 are applied, gives 

the most accurate range estimates when averaged over all  incident 

angles. 

The procedure used to acquire and process the data was to set 

the target at a known incident angle, record the A-scan on the digital 

oscilloscope, transfer the data to the; computer, and then apply a 

fixed threshold to the data. The recorded data was scanned forward 

in time, starting at a point before the echo arrived and it  was also 

scanned backward in time, starting at a point after the echo amplitude 
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a. 

b. 

c. 

I  

Figure 4.6. Effects of receiver attenuation on Fiberglas 
cloth A-scans at target incident angles (a) 0°, (b) 30°, and (c) 60°. -
Receiver attenuation was set at 40, 50, 60, and 70 dB. 



ks 

had gone to zero. The times at which the sampled data first exceeded 

the threshold voltage were marked with pointers, or cursors. One 

cursor was used to point to the time found by the forward scan, t l f  

and another cursor was used to point to the time found by the backward 

scan, t2. An example of a recorded A-scan with t i  and t2 marked for a 

threshold voltage of V^. = 0.2 volt is shown in Figure k . 7 .  

At each incident angle the values of t} and t£ were used to 

evaluate Equations 2.10 and 2.11 for beamwidths that ranged from 0 to 

1 cm in 0.2-cm increments. For purposes of computing Equation 2.11, 

the pulse length, T, was assumed to be zero. The values of r r  and r, 
t b 

computed for each beamwidth were averaged separately over all  incident 

HORIZONTAL - 5.9 USEC/DIV 
|  VERTICAL - I V/DIV 

tl  

Figure k.7. Fiberglas cloth A-scan with threshold markers 
set. --  VT  = 0.2 V. 
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angles tested. The averages, r .  and r, ,  and their standard deviations 
t b 

were tabulated for each beamwidth. The effective beamwidth, A, was 

then taken to be the beamwidth that gave r^. closest to the true range. 

The true range was assumed to be given by r^ when 3=0. The effec

tive pulse length, T, was computed by 

T = ^ (4.2) 

where d = and r^ and were the averages for all angles corre

sponding to the effective beamwidth. 

Figures 4.8a and 4.8b show r^. and r^ versus the Fiberglas cloth 

target incident angle for assumed beamwidths of 0 cm and 0.6 cm. The 

RANGE (e«) 

IJ. '' 

a b. 

Figure 4.8. Fiberglas range estimates vs.. incident angle 
(a) without correction and (b) after correction 
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true range to the target was 12.1 cm. Figure k.S shows the minimum 

rp maximum r^, r^., and its standard deviation as a function of 

assumed beamwidth. 

The effective beamwidths and pulse lengths for the Fiberglas 

cloth were found at ranges of 7, 9, 12, 15, and 20 cm while the 

receiver attenuation and voltage threshold were kept constant at 50 dB 

and 0.1 volt, respectively. The results are plotted in Figure 4.10. 

In another experiment the Fiberglas was kept at a range of 

12 cm and the threshold at 0.1 volt, but the attenuation setting was 

varied from kO dB to 70 dB in 10 dB increments. The effective 

15.5 

15.0" • 

5" 

14.0- • 

13.5 

RANGE (cm) 

I 

••• »TRUE TARGET RANGE 

• AVERAGE R (  

STANDARD DEVIATION 

MAXIMUM RANGE 
ESTIMATION ERRORS 

1 I  
0 .6  0 .8  

A (cm) 
4-0.2 0.J* 1 . 0  

Figure k.S. Average r ,  standard deviation, and maximum range 
estimation errors after correction when different effective beamwidths 
(A) are assumed.— Fiberglas cloth target, dB = 50, r^. = 1^.9 cm. 
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l.o r  

8• • 

A (cm) 

1 I f 

10 15 20 

10 
T (visec)  

b. 5 

TARGET RANGE (cm) 

1 —4 
10 15 20 

Figure 4.10. Fiberglas cloth (a) effective beamwidths, 
A, and (b) pulse lengths vs. range (dB = 50, V = 0.1 V) 

beamwidths and pulse lengths found as a function of receiver attenua

tion are plotted in Figure 4.11. 

In another experiment the target range and receiver attenuation 

were kept at 12 cm and 50 dB, respectively, but the threshold voltages 

used in scanning the recorded data were changed in 10 dB steps: .1, 

.32, and 1 volts. The effective beamwidths and pulse lengths found 

as a function of threshold voltage are plotted in Figure 4.12. 



1.0* A (en) 

.5" 

50 60 

a. 

53 

IOt T (.sec) 

5< '  

ATTENUATOR 
SETTING 

_1 <dB)  

70 

|  ATTENUATOR 
I  SETTING 

—I 
40 50 60 70 

(dB) 

• - VALUES MEASURED FROM 
TARGET 

c - VALUES EXPECTED FROM 
I SO-INTENSITY CONTOURS 
(CHAPTER 5) 

a • VALUES FROM 5 " 0 A-SCANS 
(FIGURE 4.6«) 

Figure ^.11. Fiberglas cloth (a) effective beamwidths, A, 
and (b) pulse lengths, T, vs. receiver attenuation. — Target range = 
12 cm. 

I.0 y  A (cm) 

.5 " 
I 

VT (volts) 

0 1 *— 
0.1 0.32 

a. 

IOt T (usee) 

5" 

VT (volts) 

0.1 0.32 I 

b. 

• - VALUES FROM TARGET 
o - VALUES EXPECTED FROM ISO-

INTENSITY CONTOURS 
(CHAPTER 5) 

A " VALUES FROM B - 0 A-SCANS 
(FIGURE If.6a) 

Figure ^.12. Fiberglas cloth (a) effective beamwidhts, A, 
and (b) pulse lengths, T, vs. threshold voltage. — Target range = 
12 cm. 



Experiments with Cotton Cloth, Beef 
Muscle, and Cow Bladder 

Experiments to determine effective beamwidths and pulse lengths 

at fixed threshold voltages and receiver attenuations as a function of 

target range were also performed with cotton cloth, beef muscle, and 

excised cow urinary bladder. The beef muscle used was a flat piece of 

flank steak, approximately 1.5 cm thick and preserved in pure ethanol. 

The urinary bladder was taken from a Holstein cow and cut so that a 

single thickness could be mounted f lat in the target holder. The 

bladder sample was preserved in pure ethanol and was approximately 

3-mm thick when stretched on the target holder. The cow bladder 

tended to absorb water when i t  was immersed in the calibration tank 

for extended time periods. This absorbed water made the bladder 2- or 

3-mm thicker for a total thickness of about 5 mm. The beef muscle and 

cow bladder are not thin targets, so separate experiments had to be 

performed to find the effective beamwidths and pulse lengths for the 

r r and r, estimates. The effective beamwidth for the r ,  estimates 
t b f 

was found by the same procedure as for the Fiberglas cloth. The 

effective beamwidth for the r, estimate is not the same as for the r r  b f 

estimate because the beam is attenuated as it  passes through the 

thick target. For these thick targets, the effective beamwidth for 

the r, estimate is taken to be the beamwidth that gives r, with the 
b b 

smallest standard deviation. The true range, r^> was found by placing 

a steel ball target in contact with the back surface of the thick 

target and then removing the thick target and measuring the range to 

the steel ball.  Figures 4.13, 4.14, and 4.15 show the effective 
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Figure 4.13. Cotton cloth (a) effective beamwidths, A, 
and (b) pulse lengths, T, vs. range, R 
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Figure 4.14. Beef muscle (a) effective beamwidths, A, and 
(b) pulse lengths, T, vs. range, R 



56 

1 . 0  

.5" 

A (cm) 

i  }  • 

1  } 

10 

R (cm) 

15 

o «• r. estimates, dB • 40, V- • 0.1 
o m estimates, dB • 40, • 0.1 

b. 

10* T (usee) 

51 • 

t 
R (cm) 

t I  
15 20 

Figure 4.15. (a) effective beamwidths, A, and (b) pulse 
lengths, T, vs. range for excised cow bladder 

beamwidths and pulse lengths found at various ranges for cotton cloth, 

beef muscle, and cow bladder. Figure 'l.l6 shows the uncorrected and 

corrected r^. and r^ versus incident angle for cow bladder at a range 

of 15 cm. 

For purposes of comparison with the Fiberglas cloth, the peak 

amplitude of the echoes from cow bladder as a function of incident 

angle was measured. The results for the cow bladder at range of 

12 cm are given in Figure 4.17. 
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RANGE (cm) 

IFR. V 

60° 20°  60° 20° 

Figure A.16. Cow bladder range estimates vs. incident angle 
(a) without correction and (b) after correction 
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PEAK AMPLITUDE (dB) 

0' > 

- 1 0 "  •  

-20" • 

-30- * 

60°  20° 

Figure 4.17. Peak echo amplitude vs. incident angle for 
cow bladder 

Experiments with Fiberglas Cloth and 
Cow Bladder Targets with Beef Muscle 

between Transducer and Target 

The beamwidth and pulse length corrections for flat targets 

were applied in a somewhat more realistic situation where the incident 

ultrasonic beam and returning echoes had to pass through a layer of 

muscle. In these experiments the beef muscle was mounted flat and 

pendendicular to the ultrasonic beam at a range of 6 cm from the 

transducer. The iso-intensity contours of the beam behind the beef 

muscle were then measured and plotted. The beef muscle attenuated 

the beam intensity, so it was necessary to compensate for this atten

uation. 
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The signal attenuation was compensated by adjusting the 

receiver attenuation until the peak amplitude at a set range beyond 

the muscle matched the value measured without the muscle present. 

The net attenuation due to the beef muscle was thus found to be 22 dB. 

The beam pattern beyond the muscle was then recorded using the steel 

ball as before. This data was concatenated with a data set taken at 

ranges from 3 cm to 7 cm without the muscle present. The resulting 

contour plots are shown in Figure 4.18. The real beam pattern beyond 

the muscle was somewhat more complicated than the plots in Figure 

4.18 imply. The plotting software requires the data to have the same 

topography as the simple patterns in Figure 4.1. For a given range 

there can be only one local maximum and all the contours must be 

concentric. In the region just beyond the muscle, the beam had two 

maximums for each axial range, indicating that, from the receiver's 

viewpoint, the beam in this area had been split.  In order for the 

plotting software to work, the smaller intensity values between the 

two maximums had to be replaced by the maximum values. The software 

was able to plot the beam contours or the lateral edges of the beam 

without problems, however. 

The Fiberglas cloth was then mounted in the rotating target 

holder and the effective beamwidth and pulse length was found for a 

target range of 20 cm. The peak amplitudes of the echoes from the 

Fiberglas at normal incidence were 10 dB to 15 dB less than those 

found without the muscle present when the receiver attentuation was 

set to 55 dB. This attenuation was compensated for by decreasing 

the receiver attenuation to 42 dB, and the effective beamwidth and 
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•  -  iF '9 U j0 / ! \ ' , i* '  B e 3 m  b e h a v i o r  beyond beef muscle; (a) iso-intensity contours, -2 5 dB 
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pulse length for the Fiberglas cloth were found. The uncorrected and 

corrected data is plotted as a function of incident angle in Figure 

4. 19. 

The experiment was repeated with the cow bladder target but 

at a range of 18 cm. A total receiver attenuation of 20 dB and a 

threshold of V^. = 0.2 volt was used (Figure 4.20).  A composite B-mode 

display of the cow bladder and beef muscle is shown in Figure 4.21. 

A multiple reflection artifact from the beef muscle can be seen 

between the real beef muscle echoes and the cow bladder echoes. 

All  of the results of range measurements on f lat targets have 

been compiled in Tables 4.1 and 4.2. Table 4.1 gives the results for 

the r^ estimates, including the average error, standard deviation of 

the error, and maximum error for all  incident angles, both before and 

after the correction of Equation 2.10 was applied. Table 4.2 gives 

the same error information but refers to the r.  estimates and the cor-
b 

rection of Equation 2.11. For the r^ estimates, the average error 

after correction is zero because the effective pulse length, defined 

in Equation 4.2, is chosen such that any average error is cancelled. 
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RANGE (cm)  

a. 

RANGE (cm)  

A 

b. 

Figure 4.19. Fiberglas cloth behind beef muscle range 
estimates vs. incident angles (a) without corrections and (b) after 
corrections (dB = 42, V^. = 0.1) 
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19«T RANGE (cm)  

-AO'  -60 '  -20 '  

a. 

T RANGE (cm)  

Figure 4.20. Cow bladder behind beef muscle range estimates 
vs. incident angle (a) without corrections and (b) after corrections 
(dB = 20, Vy  = 0.2) 
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Figure 4.21. Cow bladder through beef muscle; (a) GIMAGE 

photograph and (b) corresponding A-scan incident angle B = 60° 
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Table 4.1. Results of r^ estimates for all  experiments 

Before  
Range Er ro rs  

Cor rec t  Ion /A f te r  Cor rec t  Ion  

Targe t  

r f  
(cm)  dB V t  

E f fec t i ve  
Beamwld th  

(mm)  

Average  
Er ro r  

(mm)  

S td .  Dev .  
0  

(mm)  

hax imum 
Er ro r  

(mm)  

F tberg las  C lo th  7 .01  50  0 .1  6  -2 .0 /+0 .1  1 .7 /0 .7  -5 .2 / -1 .0  

8 .96  50  0 .1  6  -3 .0 /+0 .2  2 .4 /1 .0  -8 .2 / -2 .2  

12 .08  50  0 .1  -4 .2 /+0 .0  3 -2 /1 .4  -9 .0 / -3 .3  

14 .93  50  0 .1  -4 .6 / -0 .4  3 .5 /1 .0  -11 .3 / -2 .5  

19 .81)  50  0 .1  7  -5 .1 / -0 .2  3 .7 /1 .0  -12 .8 / -2 .0  

12 .0< i  AO 0 .1  10  -6 .8 /+0 .3  5 .3 /1 .0  -16 .9 /+2 .3  

12 .11  60  0 .1  4  -2 .4 /+0 .4  2 .0 /1 .0  -6 .7 /+3 . I  

12 .11  70  0 .1  -0 .2 /  — 1 .0 /  - - -2 .2 /  — 

12.01)  50  0 .32  4  -2 .9 / -0 .1  2 .4 /1 .0  -7 .1 /11 .4  

12 .08  50  1 .0  3  -2 .3 / -0 .2  1 .7 /1 .0  -5 .7 / -1 .7  

F tberg las  C lo th  
th rough  Bee f  
Musc le  

19 .80  42  0 .1  4  -3 .4 / -0 .5  2 .3 /1 .2  -7 . I / -3 .4  

Cot ton  C lo th  7 .01  40  0 .1  4  -1 .2 /+0 .2  1 .4 /1 .0  -3 -7 /+1 .6  

12 .00  40  0 .1  7  -5 .0 / -0 .1  5 .4 /2 .1  - I6 .9 / -4 .8  

14 .89  40  0 .1  7  -5 .1 /+0 .0  5 .7 /2 .7  -21 .4 / -9 .3  

19 .80  40  0 .1  7  -4 .8 /+0 .2  5 .0 /1 .9  - I6 .9 / -4 .8  

Beef  Musc le  6 .86  45  0 .2  4  -0 .8 /+0 .3  0 .8 /0 .5  -3 .0 /+ I . I  

9 .89  45  0 .2  7  -4 .8 /+0 .2  4 .2 /1 .0  - I4 .3 / -2 .2  

14 .99  45  0 .2  7  -4 .6 /+0 .4  3 .9 /1 .0  - I2 .4 /+3 .2  

15 .00  35  0 .2  -5 .0 /+0 .6  4 .1 /1 .6  - I3 .5 /+5 .2  

Cow B ladder  9 .98  40  0 .1  3  -2 .1 /+0 .0  1 .7 /1 .4  -7 .S /+2 .6  

12 .00  40  0 .1  5  -3 .7 / -0 .2  3 .2 /1 .2  -11 .6 / -2 .8  

14 .85  40  0 .1  4  -3 .3 / -0 .5  2 .6 /1 .5  -9 .7 / -4 .1  

19 .80  40  0 .1  5  -3 .6 /+0 .0  2 .8 /1 .9  -12 .4 / -3 .7  

Cow B ladder  
th rough  Bee f  
Musc le  

17 .70  20  0 .2  2  -1 .7 / -0 .3  1 .5 /1 .5  -5 .0 / -4 .0  
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Table 4.2. Results of estimates for all  experiments 

Targe t  

E f fec 
t i ve  
Beam-
w id th  
(mm)  

Range  Er ro rs  
Be fo re  Cor rec t ion /A f te r  Cor rec t ion  

r b 
(cm)  dB v t  

E f fec 
t i ve  
Beam-
w id th  
(mm)  

Pu lse  
Leng th  
(usee)  

Average  
Er ro r  

( ran)  

S td .  Dev .  
0  

( ran)  

Max imum 
Er ro r  

(mm)  

7 .06  50  0 .1  6  3 .6  +48 /  0  1 .4 /1 .0  8 .3 /1 .4  

9 .01  50  0 .1  6  4 .  0  +6 .3 /  2 .4 /1 .0  9 .7 / -2 .4  

12 .13  50  0 .1  6  2 .5  6 .1 /  2 .8 /1 .0  I2 .2 / -3 .5  

14 .98  50  0 .1  6  4 .  5  7 .6 /  3 .9 /1 .0  14 .8 / -2 .3  

19 .89  50  0 .1  7  3 .5  7 .6 /  4 .0 /1 .2  17 .1 /2 .4  

12 .09  40  0 .1  10  6 .  It 11.9 /  6 .8 /2 .2  29 .1 /11 .8  

12 .16  60  0 .1  4  1 .2  3 -8 /  1 .7 /0 .7  7 .8 / -1 .5  

12 .16  70  0 .1  0  1 .7  1 .3 /  1 .0 /1 .1  -2 . I / -2 . I  

12 .09  50  0 .32  4  2 .9  5 .0 /  2 .4 /1 .0  11 .9 /2 .8  

12 .13  50  1 .0  3  1 .6  3 -3 /  1 .4 /1 .0  6 .2 / -2 .7  

F lberg las  C lo th  

F iberg las  C lo th  
th rough  Bee f  
Musc le  

Co t ton  C lo th  

19 .85  42  0.1 3.0  5 .2 /  3 . 6 / 2 . 8  I I .2 / -2 .5  

7 .06  40  0 .1  4  5 .3  5 .4 /  1 .0 /1 .4  8 .2 /4 .2  

12 .05  40  0 .1  7  4 .7  8 .2 /  5 .2 /2 .8  17 .9 /6 .2  

14 .94  40  0 .1  7  3 .2  7 .2 /  5 .3 /2 .6  19 .4 /8 .8  

19 .85  40  0.1 7 4 .2  7 .9 /  6 .0 /3 .0  22 .0 /7 .0  

Bee f  Musc le  11 .95  35  0 .2  4  3 .5  5 .5 /  3 .3 /2 .2  

15 .03  35  0 .2  4  3 .5  5 .4 /  3 .5 /2 .7  

7 .09  45  0 .1  3  2 .8  3 .0 /  1 .0 /0 .7  

12 .04  45  0 .1  2  I . I  2 .3 /  2 .2 /2 .4  

15 .04  45  0 .1  0  1 .2  0 .9 /  2 .6 /2 .6  

Cow B ladder  10 .01  40  0 .1  0  4 .4  3 .3 /  1 .0 /1 .0  

15 .19  40  0 .1  2  2 .0  3 .0 /  1 .7 /1 .7  

19 .91  40  0 .1  2  2 .1  3 .0 /  2 .6 /2 .4  

Cow B ladder  
th rough  Bee f  
Musc le  

17 .70  20  0 .2  2  2 .6  3 -4 /  2 .0 /1 .7  

13 .6 /5 .3  

13 .9 / -8 .0  

<1.1/10.6 

7.5 / -6 .3  

-9 .4 / -9 .4  

6 .0 /2 .7  

9 .0 /5 .5  

9 .8 /6 .3  

9 .8 /4 .5  



CHAPTER 5 

DISCUSSION OF EXPERIMENTAL RESULTS 

Effectiveness of Beamwidth and 
Pulse Length Corrections 

I t  is clear from the experimental results that range estimates 

made from simple threshold scans of the A-mode echoes from f lat targets 

are affected by the ultrasonic resolution cell  dimensions and the tar

get incident angle. I f  uncorrected, the magnitude of the errors in 

range estimates r^. and r^ due to the ultrasonic beamwidth increases 

systematically with the incident angle magnitude. This increase in 

range error as a function of incident angle is clear in the plots of 

Figure ^.8 and Figure *».16. The ultrasonic pulse length results in an 

overestimation of the range r^ that is independent of incident angle, 

as is also evident in Figures *».8 and ^.16. 

The effective beamwidth and pulse length to use for the r^. and 

r^ estimates depends upon the target material,  the receiver attenua

tion, and the threshold voltage used to scan the echo data. In the 

experiments the target material,  target range, receiver attenuation, 

and threshold voltage were al l  known and f ixed. The effective beam-

width and pulse length were then found empirically. Under these con

ditions, the results for Fiberglas cloth indicate that the effective 

beamwidth is about 6 mm, independent of target range, when a receiver 

attenuation of 50 dB and a scanning threshold of 0.1 volt are used 
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(Figure 4.10).  The effective pulse lengths found varied between 

2.5 V sec and 4.5 ysec, but the average value was about 3-5 y sec. 

The effective beamwidths and pulse lengths for Fiberglas cloth at 

other receiver attenuation and scanning voltage combination, as well  

as the results for cotton cloth, beef muscle, and cow bladder are as 

shown in Tables 4.1 and 4.2 

The accuracy of the r^. estimates for Fiberglas cloth as a 

function of the beamwidth parameter, A, is shown in Figure 4.9. Fig

ure 4.9 clearly shows that the r^ range estimates, averaged over al l  

target incident angles, have smaller average errors, smaller standard 

deviations in these errors, and smaller maximum errors when A is 

chosen correctly. 

The correct choice of A is the effective beamwidth, which is 

by definition the value of A that,  when used in Equation 2.10 (or 

Equation 2.11 i f  r^ estimates are computed) minimizes the range errors 

when averaged over al l  incident angles. Figure 4.9 i l lustrates that 

when A is chosen as the effective beamwidth, not only is the average 

range estimate error minimized, but the standard deviation of the 

range estimate error and the maximum error is also minimized. This 

reduction in the size of the average errors, standard deviations, 

and maximum errors occurred for all  of the target materials tested 

when the effective beamwidth and pulse length were used in Equations 

2.10 and 2.11 (Tables 4.1 and 4.2).  As a typical example of the 

improvements in range accuracy that result when Equation 2.10 is 

applied, consider the r^ estimates for the excised cow bladder at 

12-cm range (Table 4.1).  The average error without any correction 



was -3.7 mm, reflecting the systematic underestimation in range that 

the cylindrical resolution cell  model predicts i f  the target makes a 

non-normal incident angle with the beam. After Equation 2.10 is 

applied to the r^. estimates at all  of the incident angles tested 

(-60° to 60° in 5° increments),  the average error is only -0.2 mm. 

The standard deviation of the errors drops from 3.2 mm to 1.2 mm 

when the correction is applied. The maximum range estimate error 

found for all  the target incident angles tested was -11.6 mm without 

the correction, but only -2.8 mm afterwards. These range accuracy 

improvements are substantial and indicate that the corrections based 

on the simple cylindrical resolution cell  model can be quite effective 

when used to estimate the ranges of f lat targets. 

The results of the experiments show that when the system 

parameters (receiver attenuation, threshold voltage, target material,  

and target-beam incident angle) are known and f ixed, then Equations 

2.10 and 2.11 may be used to find the effective beamwidth and pulse 

length that apply to that particular situation. To be useful for 

correcting range estimates when the true range is unknown, the 

effective beamwidth and pulse length must be known in advance. The 

effects of the system parameters on the effective beamwidth and pulse 

length must therefore be known. These system parameter effects are 

considered next. 

The use of constant receiver attenuation and threshold voltage 

at different target ranges implies that the effective beamwidth should 

correlate with a constant pressure region in the transducer radiation 

pattern. For Fiberglas cloth at ranges of 7 cm to 20 cm, a receiver 
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attentuation of 50 dB, and scanned with a threshold voltage of 0.1 

volt,  the effective beamwidth was found to be about 6 mm. From the 

iso-intensity contours plotted in Figure 4.1a we see that the -12.5 

dB contour is about 6 mm off the transducer axis for ranges 12 cm to 

20 cm. So, for Fiberglas cloth, at a receiver attenuation of 50 dB 

and threshold voltage of 0.1 volt,  the results are reasonably good 

i f  the effective beamwidth is picked as the -12.5 dB iso-intensity 

contour of the transducer radiation pattern. 

Adjustments in the system sensitivity, that is,  changes in the 

receiver attenuation and threshold voltage, change the effective beam-

width (Wells, 1977, p. 155). The range estimate is based on the time 

that the receiver echo f irst exceeds a f ixed threshold voltage. When 

the receiver gain is also fixed, the threshold is exceeded when the 

backscattered sound pressure at the transducer exceeds some absolute 

level.  This threshold is f irst exceeded when the backscattered pres

sure is from a sufficiently intense part of the beam. The part of the 

beam that is "sufficiently intense" is all  of i t  that is within the 

effective beamwidth. The iso-intensity contours of Figure 4.1a map 

the beam as i t  appears to the receiver, so the effective beamwidth for 

the same target at different ranges should follow one of the contours. 

Also, when the system sensitivity is changed by changing the receiver 

attentuation or threshold voltage, then the effective iso-intensity 

contour wil l  change correspondingly. 

Following this reasoning, and recall ing that 10 dB changes in 

the receiver attentuator correspond to 5 dB changes in the iso-intensity 

contours, the effective beamwidth for a receiver attenuation of 60 dB 



and a threshold of 0.1 volt should correspond to the -7.5 dB iso-

intensity contour. From Figure 4.1a, the beamwidth corresponding to 

the -7>5 dB contour at a range of 12 cm is 0.4 cm. The data taken on 

the Fiberglas at a range of 12 cm, a receiver attenuation of 60 dB, 

and a threshold of 0.1 volt did show an effective beamwidth of 0.4 cm 

(Table 4.1).  At a receiver attenuation of 70 dB the effective beam-

width should be given by the -2.5 dB iso-intensity contour. The -2.5 

dB contour does not pass through the 12-cm range (Figure 4.1a).  The 

effective beamwidth is then apparently zero. The experimental results 

for Fiberglas at 12 cm (Table 4.1) show that the effective beamwidth 

is indeed zero, but the echo amplitudes at 3 = 10° and for (5 > 50° 

were too small to be detected by the 0.1 volt threshold. The expected 

effective beamwidth based on the -12.5 dB iso-intensity contour versus 

the receiver attenuation is plotted in Figure 4.11a. Also plotted in 

Figure 4.11a are the effective beamwidths found experimentally for 

Fiberglas at a range of 12 cm and for a threshold of 0.1 volts. 

Raising the voltage threshold should be equivalent to 

increasing the receiver attenuation. Figure 4.12a shows the experi

mentally determined effective beamwidth as a function of threshold 

voltage for Fiberglas at a range of 12 cm and receiver attenuation of 

50 dB. 

Thus, given a Fiberglas cloth target at a given range, 

receiver attentuation, and threshold voltage, the approximate effec

tive beamwidth can be measured from the iso-intensity beam plot in 

Figure 4.1a. The -12.5 dB contour is the calibration standard for a 

receiver attenuation of 50 dB and a threshold of 0.1 volt.  
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The calibration procedure for predicting the effective pulse 

length is considered next. Figure 4.6a shows the echoes received from 

the Fiberglas cloth at a range of 12 cm, normal incidence, for 

receiver attenuations of 40 dB, 50 dB, 60 dB, and 7QC-B. The pulse 
& 

lengths measured from Figure 4.6a using a threshold of 0.1 volt are 

plotted in Figure 4.11b. The pulse lengths for the 50 dB pulse of 

Figure 4.6a at thresholds of 0.1, 0.32, and 1 volt are plotted in 

Figure 4.12b. The pulse lengths measured from Figure 4.6a are greater 

than the effective pulse lengths, and this is discussed below. The 

effective pulse lengths plotted in Figure 4.11b decrease with receiver 

attentuation, more or less in parallel with the values measured from 

Figure 4.6a. From Figures 4.11 and 4.12 we conclude that,  to a f irst 

approximation, the effective pulse length increases or decreases with 

receiver attentuation (or threshold voltage) in the same proportion 

that the effective beamwidth changes with those variables. 

A similar analysis for the cow bladder data suggests that the 

calibration for effective beamwidth for r^. estimates should be based 

on the -10 dB iso-intensity contour when the receiver attenuation is 

40 dB and the threshold is 0.1 volt.  From Figure 4.15 the effective 

beamwidth for r,  estimates is around 2 mm. This corresponds to the 
b 

-4 dB iso-intensity contour of the beam pattern. The effective pulse 

length is about 3 y sec for the receiver attenuation of 40 dB and 

threshold of 0.1 volt.  

The range estimates for cow bladder plotted in Figure 4.16 

i l lustrate one of the problems encountered in these experiments. The 

uncorrected data in Figure 4.16a exhibits the bias at large incident 



angles resulting from the f inite beamwidth. The corrected data in 

Figure 4.16b has this bias removed, but the resulting curves are 

"ti lted" with respect to the assumed true r^. and r^. This t i l t  is 

probably caused by a displacement of the target rotation axis off of 

the beam axis. I f  this displacement is d, then the true range, r  (the 

range along the beam axis),  is a function of incident angle and is 

given by 

r  = R -  dtanB (5.1) 

where R is the true range when 3=0. The geometry of such a situa

tion is shown in Figure 5.1a; Equation 5.1 is plotted for a displace

ment of d = 2 mm in Figure 5.1b with the corrected r^ estimate from 

Figure 4.16b superimposed on i t .  An inconvenience resulting when 

d /  0 is that the standard deviation of the corrected data may not 

be smaller than that of the uncorrected data. In that case the 

effective beamwidth and pulse length cannot be deduced by considering 

the standard deviation of r^. and r^ alone; the data must be plotted 

to see what is happening. 

When the target is placed behind the beef muscle the iso-

intensity plot in Figure 4.18a is used for calibration. For Fiberglas 

cloth the receiver attenuation was set to 42 dB. This compensated 

for the attenuation of the beef muscle. The effective beamwidth at a 

target range of 20 cm was 4 mm which corresponds to the S dB iso-

intensity contour. 

For cow bladder placed behind the beef muscle, the effective 

beamwidth was 2 mm for both r^ and r^. The 20 dB receiver attenuation 
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Figure 5.1. The effect of an offset,  d, between the target 
axis of rotation and the beam axis on the true range r;  (a) Geometry, 
d and f5 shown are positive and (b) r  vs. 3 when d = 2 mm, the r^. data 
of Figure ^.l6b has been overlaid for comparison 



compensates,for the 10 dB loss in the beef muscle and raises the 

remaining signal amplitude by an additional 10 dB over the calibrated 

value of -40 dB. Raising the threshold from the calibrated value of 

0.1 volt to 0.2 volt serves to diminish the threshold sensitivity by 

6 dB. The net effect is to expect the effective beamwidth to occur 

on the -12.5 dB iso-intensity contour in Figure A.l8a. The effective 

beamwidth found experimentally (2 mm) corresponds to an iso-intensity 

contour between -7.5 dB and -10 dB. 

Effect of Incident Angle on the Effective 
Resolution Cell  Size 

The peak amplitudes of the cow bladder echoes shown in Figure 

h.\7 fall  quickly as the incident angle magnitude increases from 0° to 

5° or 10° and then falls steadily but at a slower rate as the magni

tude increases to 60°. I t  has been noted that the behavior at small 

incident angles is characteristic of the beam, not the interface 

(Reid, 1976). But at larger angles the cow bladder behavior contrasts 

with that of Fiberglas cloth, where certain non-normal incident angles 

gave strong reflections and the peak amplitudes at all  incident angles 

are greater than those for cow bladder. This loss of signal strength 

with increases in incident angle raises the question as to whether or 

not the effective beamwidth and the pulse length should be considered 

a function of incident angle. The results plotted in Figures 4.11 and 

k.]2 for Fiberglas cloth show that changing the relative sensitivity 

of the threshold, either by changing the receiver attenuation or the 

voltage threshold itself,  changes the effective beamwidth and pulse 

length. Similar results would then be expected when the receiver 



attenuation and scanning threshold are held constant but the target 

reflectance changes drastically. No compensation for amplitude varia

tion with incident angle was used in any of the r^. and r^ calculations 

reported above. When the cow bladder data was taken the receiver 

attenuation was selected so that strong signals were obtained at the 

largest incident angles. This meant that the very strong echoes 

received when the target was at normal or near-normal incident angles 

saturated the receiver and display. The corrected range estimates 

made from this data show that a constant beamwidth and pulse length 

give good results at larger incident angles. The effective beamwidth 

at small incident angles may be larger than the average value. How

ever, the beamwidth correction in Equations 2.10 and 2.11 is multi

plied by tan3, which is small for near-normal incident angles and zero 

for normal incidence, so the beamwidth correction is insignificant at 

small incident angles. The magnitudes of the pulse length correction 

in Equation 2.11 does not diminish as 3 approaches normal incidence. 

The results plotted in Figure 4.16b indicate that the effective pulse 

length for cow bladder is too small to give correct estimates of r^ 

and when 3=0. The effective pulse length for the cow bladder at 

small (3 ^ 10°) incident angles is 5 V sec, or about 1 or 2 vi sec 

longer than the effective pulse length found for all  incident angles. 

The difference between the effective pulse length and the pulse 

length at 3 = 0 is also apparent for Fiberglas cloth as shown in 

Figures 4.11b and 4.12b. However, these additional corrections only 

apply at near-normal incident angles and they are small corrections. 

They may therefore be ignored. 



Application of Resolution Cell  Corrections 
in the Clinical Instrument 

To apply a beamwidth and pulse length correction to an A-scan 

from a patient's bladder requires knowledge of the incident angles 

that the beam makes with the proximal and distal walls. Additionally, 

the effective resolution cell  dimensions must be known. 

In the experiments described here the time-gain compensation 

(TGC) of the receiver was turned off so the signal gain was always 

determined by the attenuator settings alone. The clinical instrument 

wil l  undoubtedly employ TGC and some discussion of i ts relevance to 

the effective beamwidth is in order. I f  the TGC is adjusted so that 

the signal gain is increased at the same rate that the ultrasound is 

attenuated, then the effective beamwidth is given by the beamwidth 

contours plotted in Figure 4.1b. Recall  that the beamwidth contours 

are generated by re-normalizing the reference intensity at each range 

value. This is in effect what the TGC does. 

Wells (1977, p. 157) has noted the diff iculty of accurately 

tracking the beam resolution in biological media with TGC. Each 

t issue layer has a different ultrasonic attenuation which is also 

frequency dependent. The frequency dependence has a dispersive 

effect on the. pulse; the net result is that the pulse loses its higher 

frequency components and the beam broadens as i t  propagates. 

The beam contour plots in Figure 4.18 show that the beam 

energy is scrambled considerably by the presence Of the beef muscle. 

I t  should be emphasized that those plots are the apparent beam 



patterns from the receiver's viewpoint after the detected energy has 

traversed the muscle twice. 

The experiments on Fiberglas and cow bladder behind the beef 

muscle show a poor correlation between the effective beamwidths that 

would be expected based on the contour plots of Figure k.18 and the 

calibrated effective values found without the beef muscle present. 

Apparently, separate calibrations are required i f  the correction fac

tors are to be applied when attenuating layers are present. I t  should 

be possible to use t issue samples or phantoms in vitro to simulate 

the attenuating layers that cover the bladder. Such an arrangement 

would allow the calibration of the instrument under conditions that 

closely resemble those of actual clinical use. 

A possible procedure to use on patients would then be as 

fo11ows: 

1. After the bladder has been located ultrasonically, search for 

the closest and farthest points on the proximal and distal 

walls, respectively. The ultrasonic beam wil l  be at or near 

normal incidence at these points. 

2. Measure the peak amplitude of the echoes from these points 

and note the receiver attenuation (or gain).  

3. Adjust the receiver attenuation (or gain) so that the peak 

amplitude matches that received from a standard target at 

normal incidence. The standard target material must be 

calibrated under known conditions with the same transducer 

and receiver used in the instrument. 
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*». Pick a threshold voltage whose amplitude is far enough below 

the peak amplitude at normal incidence to ensure detection at 

"sufficiently large" incident angles. 

5. Look up and/or interpolate the effective beamwidth and pulse 

length for the chosen receiver attenuation (gain) and thresh

old voltage from stored calibration data. 

6. Estimate the incident angle at a given position by keeping 

track of differences in the proximal and distal wall  ranges 

as the transducer moves. An i terative procedure may be neces

sary to estimate the incident angles: f irst estimate the 

proximal and distal ranges using the threshold; next, compute 

the incident angles and apply Equations 2.10 and 2.11 to cor

rect the range estimate; then, re-compute the incident angles 

and apply Equations 2.10 and 2.11 to the original data, etc. 

The success of such a technique depends in part upon the 

degree of uniformity (from patient to patient) in the ultrasonic 

reflection from the urine-bladder wall  interface. Holmes (1978, p. 

353) has noted that .  .  many clinical laboratories use the full  

bladder as a scanning standard for establishing proper settings for 

their equipment." His comment implies that urine-bladder wall  inter

face is indeed uniform enough to allow i t  to be used for calibrating 

ultrasonic equipment. 



CHAPTER 6 

SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

Summary 

Volume Error Analysis 

Work by Garner et al .  (1981) shows that Simpson's rule is a 

sufficiently accurate integration method to compute bladder volumes 

from a small data base. I t  is proposed here that a dedicated clinical 

instrument should measure full  bladders of ^00 ml or more with an 

accuracy of ± 10% in 95% of al l  patients tested. Furthermore, the 

instrument should be able to detect and measure to ± 50 ml residual 

volumes of 50 ml or more. Analysis has shown that Simpson's rule wil l  

meet the required volume accuracy i f  the technique used to estimate 

the proximal and distal wall  ranges is unbiased and accurate within 

± 1 cm. This assumes that at least 50 proximal and distal wall  range 

estimates, distributed over the entire organ, are available. 

The choice of the transducer coordinate system has only a 

minor effect on the volume errors that result from systematic errors 

in the range estimates. For the small effects present, however, a 

Cartesian coordinate scanning geometry is most immune to such systema

t ic errors, followed by cylindrical coordinates and then spherical 

coordinates. 
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Hardware arid Software 

Software has been written to integrate the laboratory instru

mentation into a general purpose tool for experimentation with diag

nostic ultrasound. Additional software has been written to adapt the 

Apple I I  high resolution graphics for use as a B-mode display. 

Correcting Range Estimates for Resolution 
Cell  Effects 

I t  has been shown that,  for a variety of f lat targets, range 

estimates made by recording the time at which the echo amplitude 

exceeds a f ixed threshold are subject to errors that increase system

atically with the beam-target incident angle. Correction factors 

for f lat targets have been derived by assuming a cylindrical shape 

for the ultrasonic pulse, or resolution cell .  With an optimum choice 

of the cylinder radius (beamwidth) and length (pulse length); that is,  

the effective values of the resolution cell ,  the range estimates 

based on threshold scanning can be corrected to remove the system

atic errors. 

Experimental results from f lat Fiberglas cloth targets at 

various ranges show an average range estimation error of 4.6 mm 

without any corrections applied. The average range error is reduced 

to 0.2 mm after the corrections have been made. For cotton cloth 

targets the average range estimation errors before correction were 

found to be 5.6 mm and were reduced to 0.1 mm by the corrections. For 

beef muscle the average range errors for al l  experiments before and 

after correction were 3.6 mm and 0.4 mm, respectively. Finally, for 



cow urinary bladder t issue the average uncorrected and corrected range 

errors were 3.1 mm and 0.2 mm, respectively. The effective beamwidth 

and pulse length depend upon the target material,  the target range, 

the receiver attenuation (or gain),  and the threshold voltage. For 

a given target at a given receiver attenuation and threshold voltage 

the effective beamwidth roughly corresponds to one of the iso-

intensity contours of the transducer radiation pattern. That iso-

intensity contour serves to calibrate the ultrasonic system for that 

target. The iso-intensity contour plot of the transducer can then be 

used to predict effective beamwidths for other receiver attenuations 

and thresholds for that material.  The effective pulse length 

decreases or increases approximately in proportion to the effective 

beamwidth for other receiver attenuations and thresholds for the 

same material.  The experiments show that,  for a receiver attenuation 

of 50 dB and scanning threshold of 0.1 volt,  the effective beamwidth 

for Fiberglas cloth corresponds to the -12.5 dB iso-intensity contour. 

For cow bladder at a receiver attenuation of kO dB and a threshold 

of 0.1 volt the effective beamwidth followed the -10 dB iso-intensity 

contour. 

A procedure for determining and applying the beamwidth and 

pulse length corrections to data taken from patients by the clinical 

instrument has been outlined. The procedure depends on the instru

ment's abil ity to locate points on the proximal and distal bladder 

wall  that are normal to the beam and i ts abil ity to compare the 

echoes from these locations to echoes from a calibrated laboratory 

standard. The results of the comparison should provide sufficient 



information to enable an effective beamwidth and pulse length to be 

chosen. The reflection characteristics of the standard used for 

calibration should be similar to the urinary bladder walls. The 

calibration of the standard should be done with attenuating materials 

that simulate the abdominal wall  placed between the transducer and 

the standard. 

Recommendations for Future Work 

The proposed procedure for comparing patient bladder echoes 

with a calibration standard needs to be tested. Litt le data was taken 

for targets with beef muscle interposed between the transducer and 

the target. For Fiberglas cloth as the target, the effective beam-

width and pulse length are predicted reasonably well  by the same 

iso-intensity contours used without the beef muscle present. The 

results are not conclusive when cow bladder is used as the target, 

however. More experiments should be performed to determine beamwidth 

and pulse length corrections for targets placed on the other side of 

attenuating layers. The skin, fat,  and muscle layers taken from a 

cow or pig abdomen would be a good choice for use in future experi

ments. 

More detailed information about the ultrasonic system para

meters used in urinary bladder examinations is necessary to evaluate 

calibration targets for the procedure outlined above. These system 

parameters include the transducer frequency, t ime-gain compensation, 

and relative signal attenuation typically used in urinary bladder 

examinations. 
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No experiments have been performed on targets with curved 

surfaces. The cylindrical resolution cell  model may not be adequate 

to correct the range estimates for curved surfaces. A cylindrical 

target holder has been built  and wil l  be used to range targets with 

known curvatures. 

An analysis should be done to determine the optimum trans-'  

ducer to be used in the instrument. I t  should be possible to exploit 

the superior resolution of 3-5 MHz or 5 MHz transducers and sti l l  

achieve adequate penetration to detect the distal bladder wall .  Large 

aperture, focussed transducers may also be good candidates for use 

in the instrument. Range estimates from a beam that focussed sharply 

in the vicinity of the bladder walls would not require any beamwidth 

corrections. 

The effects of refraction on range estimates and the resulting 

computed volume need further investigation. Refraction induced shifts 

of the trajectory of the ultrasonic beam wil l  give range estimates 

f r o m  w a l l  l o c a t i o n s  o f f  o f  t h e  t r a n s d u c e r  a x i s .  



APPENDIX A 

RANGE ESTIMATE ERROR PROPAGATION 

There are two sections contained in this Appendix. In Section 

A1 an analysis is presented to show how range estimate errors propagate 

into volume errors when Simpson's rule is used to integrate the data. 

The volume errors resulting from data taken and integrated in Cartesian, 

cylindrical, and spherical geometries are compared. Finally, an argument 

is presented to show that volumes integrated by Simpson's rule will have 

errors that are normally distributed. Section A2 discusses the choice 

of tissue velocities to be used in computing the bladder wall range 

estimates. The volume errors that result when incorrect tissue veloc

ities are used in>the computations are analyzed. Again, a comparison 

of these errors is made between the possible scanning geometries 

(Cartesian, cylindrical, or spherical). 

Al. Applying Simpson's Rule 

It is assumed that both a proximal wall range and a distal wall 

range can be estimated for each ultrasonic beam that passes through the 

bladder. The details of the integrations to be performed depend upon the 

transducer coordinate system used to scan the bladder. In Cartesian 

coordinates: 
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V • | J dz dy dx 

x y z 

V = J J r dr d0 dz 
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[z2(x»y) -  Zi(x,y)] dy d>< 
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And, finally, in spherical coordinates, 

V • J J J r2 s I n<|> dr d<t> d0 

6 <f> r 

| J 3"tr|(<t>»0) " »"3((Ji,0)] sin* d<(> d0 

0 <|> 
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[z2(x»y) - Zjtx.y)] dy dx 

x y 

J | fc(x.y) dy dx 

x y 

In cylindrical coordinates 

A. 1 

f (0,z) de dz 
P 

Z 0 

A.2 

" I  .  
0 

fs(<f>,0) d<|> d0 A.3 
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Regardless of which coordinate system is used the steps required 

to compute the volume are the same. From the echoes of each beam that 

penetrated the organ the proximal and distal wall ranges rj and r2 

(or Zi and z2) are determined. These values are then used to compute 

a range estimate function at that transducer location and direction: 

fc(x,y), fp(6,z)» or fg (<(>,e). The range estimate function values are 

numerically integrated over both independent variables by two successive 

applications of Simpson's rule. Simpson's rule for approximating the 

integral of f(x) over the interval xq s x s xn is given by: 

h 
f (x)dx = -£[f_ (x ) + Af(xi) + 2f(x2) + /»f(x3) + 

where 

'xo 

n-1 n 

x - x 

h x  •  " r i "  

and 

x. - x + Ih 
i o x 

and n is an even integer. 

There are two sources of error In the computed volume. The 

first error is contributed by the estimates of the proximal and distal 

wall locations. The second Is related to the accuracy of Simpson's rule 

as an integration method. The simulation studies of Garner et al. (n.d.) 

show Simpson's rule is accurate within one percent in estimating volumes 
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of the relevant size and shape. This accuracy assumes that the wall 

locations from at least 20 intersecting beams are available (at least 

40 separate wall range estimates distributed over the entire organ). 

The data values used In the simulations were generated by a cylindrical 

coordinate scanning motion of the transducer. However, the origin was 

assumed to be at the center of the organ and the wall locations were 

converted into Cartesian coordinates relative to the origin. Thus, the 

Garner et al. study integrated the data using a different procedure than 

that outlined above. 

The Garner et al. (n.d.) study includes runs with zero-mean 

normal noise added to the transducer position and direction; normal 

noise was also added to the resulting wall ranges. Their results show 

a mean error of less than 1% i.n volumes estimated using Simpson's rule 

with 20 intersecting beams. The standard deviation in the volume was 

less than 5% when the wall range errors had standard deviations of less 

than 6 mm. 

It Is of interest to consider the effects of range errors by 

themselves when the data is Integrated by Eqns. A.l, A.2, and A.3. That 

analysis follows for the three coordinate systems. 

Cartesian Coordinates 

Consider a cylindrical target scanned as shown in Figure A.l. 

Assume that the range estimates for the proximal and distal walls are 

uniformly distributed about the true values and the width of the 

distributions is A. For a uniform distribution the variance is: 

A2 
°z IT Assuming that the range estimates, Zj and z2, for a given beam 
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Figure A.l .  Geometrical relationship of transducer and 
cylindrical target when a Cartesian coordinate scanning motion is 
used 
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are independent (see the following section on velocity errors), the 

variance of the range estimation function f is 

a? - a2 + o* • -r- A. k 
fc Z1 2 6 

Simpson's rule is a linear combination of values of the function being 

integrated. Because the range estimation function values, fc(x,y), 

are also independent, the variance of the area, 's given by a 

linear combination of the fc(x,y) variances. If M + 1 beams are used 

for each area then 

"AM " •  2 )°f A-5  

where hy is the step size in y and M is an even integer. If the cylinder 

has radius R then 
o 

2R a2 

°A( x )  "  ( i fr ) 2 ( , 0 M '  2 )T a - 6  

Furthermore, if N + 1 (N even) area estimates are used to compute the 

volume and the cylinder has height H then the variance in the volume 

estimate is given by 

°v " (3fT ) 2 (^ ) 2 ( , 0 N  -2H , 0 M  " 2A.7 

Cylindrical Coordinates 

If the same cylinder is scanned in cylindrical 

the cylinder axis parallel to the z-axis the situation 

coordinates with 

is as shown in 
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Figure A.2. The range estimates for a given beam are still independent 

but the range function is the nonlinear combination of ri and rj given 

by fp(<f>>6) in Eq. A.2. In this case we consider the new random 

variable 

u 1 2 
h " 2 A.8 

The variance in y is 

o2 = E {-y2} 

y2 fy(y) dy - [ y f (y) dy]2 A.9 
3D ' 

where E{y} is the expected value of y and fy(y) is the probability 

density function of y (Papoulls, 1965). Since r has been assumed to be 

uniform its density function is: 

fr(r)  mb u " Is r * 11 +f 

• 0; otherwise A. 10 

where p is the actual wall range. The density function fy(y) can be 

computed from fr(r) by the formula (Papoulis, 1965) 

fr(rl* fr(rn* 
fy ( y )  •  •  •  +  WVJT +  * •  '  A , n  

where y • g(r) and rj, . . . rn, . . . are the real roots of g solved 

In terms of y. Application of Eq. A.11 gives 
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Figure A.2. Geometrical relationship of transducer and 
cylindrical target when cylindrical coordinate scanning motion is 
used 
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, (n - A) 2 (v + A) 2 

• 0 ; otherwise, 

Substituting into Eq. A.9 and performing the integrations yields 

•  f ?  < » 2 + &  # - 1 2  

The variance in the range estimation function f is 

ai " a* + 
D  y l  y 2  

•  T2 +  y22  +  A"'3  

where yj and v2 
are t' le true proximal and distal wall ranges, respec

tively. 

If the cylinder axis is at range R and the 6 step size Is hQl 
$ 

then at position mhf l  (see Figure A.2) 

p2 + y2 „ 2[Rg + R2(2cos2mh0 - 1)] 

£ 2(R2 + R2) . A. 14 

Where the Inequality results from the simplifying assumption that the 

cos2 mhg term is always unity. The effect of this assumption is to 
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always use the maximum value of y2 + Ecl* A. 13. A total of M + 1 

beams are used for each z position so the first application of Simpson's 

rule gives 

A2» /„ .  „2 .  A2 \  °A(z) < ( f)2O0H-2)(^-)(R0 +R2+^) 

< (Mn_LB_ ) 2 ( 1 0 M .2 ) (^ ) ( R2 +  R2+ | i )  A > ) 5  

In all reasonable situations 

^ R02 + r2 • s° 

(2s i n"1 (-£•) 2 

°A(z) < ' 2)(R0 + R2)V A-16 

The second application of Simpson's rule to N + 1 areas gives a volume 

variance upper bound of 

u (2s in-1 (-jr-) 2 

°V < 3M )2(,0N " 2)(,0M " 2)(R0 + r2)V • A-17 

Spherical Coordinates 

For simplicity, in spherical coordinates the target is modified 

from a cylinder to a section of a circular torus as in Figure A.3. The 

minor radius is RQ and the major radius is R. The arc length of the 

major axis is H so the volume is the same as that used for the Cartesian 

and cylindrical cases. 
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Figure A.3. 
toroidal target when 

Geometrical relationship of transducer and 
spherical coordinate scanning motion is used 
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The derivation of an upper bound on the volume variance, a^2, 
s 

follows the cylindrical case derivation. Here the range estimate 

function f requires the density function of another random variable 

y - -jr3 A.18 

Applying Eqns. A.10, A.11, and A.9 gives 

^  /  l . A1* \ 
" y - u ' "  " • V ' m 1  •  A - 1 9  

The second and third terms in the parentheses are negligible so the 

range function variance is 

A2 

°f = + ^2)sin2* 

s + 6R2R| + R£) A. 20 

where sin2$ has been taken as unity for all data points, although in 

general it is less than unity. The effect of this assumption is to 

overestimate the range function variances. The double application of 

Simpson's rule then gives the very conservative upper bound of 

1 Ro 

°V < (3Sn)2( 5 3M R )2(10M " 2)(,0N " 2)(R" + 6R2Ro + Ro}T" * A.21 
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Compart son of Volume Standard Deviations 

For purposes of comparing the three coordinate systems the 

number of beams per cross-section, M + 1, was assumed equal to the 

number of cross-sections used, N + I. The standard deviations in each 

coordinate system are then given by: 

.Amotion-2),  
Vc 2 9^ M2 

R 

P 2 

R 

a„ < sin 1 ̂  R ^ (1OM - 2)] /RH + 6rZr^ + r h  A>2i» 

s S/S RM 

These standard deviations are plotted in Figure A.A as a function of 

y for expected ranges, volumes, and number of intersecting beams. The 

plots indicate that a 5% standard deviation in the volume estimate is 

possible when the range estimate is known within ± 1 cm'no matter what 

coordinate system is used. The ± 1 cm uncertainty is adequate for data 

sets based on about 25 intersecting beams over volumes ranging from 250 

ml to 1,000 ml. A ± 1 cm uncertainty corresponds to the uniform 

probability density function having a width of A • 2 cm and a standard 

deviation of 5*8 mm. This standard deviation is quite close to that 

found by the Garner et al. study, but their simulations assumed normally 

distributed noise rather than uniform noise. 

Figure A.4 !Wes that data taken by scanning in a Cartesian 

plane has better noise immunity in the sense that the volumes computed 



O SPHERICAL COORDINATES 

A- — — CYLINDRICAL COORDINATES 

Q CARTESIAN COORDINATES 

1.5 2 . 0  2.5 

Case Volume R R H 
Case (ml) (cm) (cm) (cm) 

A/2 (cm) 

a. 350 10 3.5 6. 5 
b. 500 10 k 10 
c. 1,000 10 5.5 10. .5 

Figure A.k. Percentage of standard deviation vs. 
estimate uncertainty when M = N = 4 
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from range estimates with a fixed amount of noise have smaller standard 

deviations. The cylindrical coordinate scans result in noisier volumes 

and the spherical scans do the worst. However, 'the data plotted for 

the spherical and cylindrical cases in Figure A.4 represent only an 

upper bound of noise in the volumes computed. In no case does the 5% 

standard deviation desired require range estimation accuracies that are 

unreasonable. The main conclusion is that no matter how the data is 

taken the volume accuracy desired can be attained if they are at least 

AO data values and these are unbiased and accurate within ± 1 cm. 

The Probability Density Function of Computed Volumes 

It has been assumed (see Section A2) that the proximal and 

distal wall range estimates for each beam are independent. Furthermore, 

the range estimate functions for each beam are independent. Because 

Simpson's rule merely computes a linear combination of the range 

estimate functions, the variance of the result is just a linear combina

tion of the range function variances. 

The independence of the random variables being combined means 

that the central limit theorem can be applied to deduce the probability 

density function of the volumes computed by Simpson's rule (Papoulis, 

1965). The density function of the volume is given by the convolution 

of all the individual density functions of the range estimate functions. 

The central limit theorem states that the result of such a repeated 

convolution asymptotically approaches a normal density function. In 

this case a data set composed from at least 20 beams is used, which 

means that at least 20 Independent functions are convolved. A repeated 
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convolution of this many functions should be fit very well by an 

appropriate normal density function (Papoulis, 1965). We are therefore 

justified, at least for analytical purposes, in choosing range estimates 

with noise that is uniform. The volumes computed from those ranges will 

have a normal distribution no matter what type of noise is present. 

Since the standard deviations, ay, computed for the volumes above are 

those of a normal distribution, we can state that 95X confidence 

interval corresponds to ± 2a of the mean. 

A2. Computing Range Estimates for Tissues 

The A-scan echo data for a single pulse consists of voltage 

amplitudes as a function of time. What is actually measured from the 

data is the time it took for the echoes from the proximal and distal 

walls to reach the receiver; the distances must be computed from know

ledge about the sonic velocities of the media. 

Assuming that the transducer is coupled to the abdomen via a 

water bath, the path of the ultrasonic beam is as shown in Figure A.5. 

From the transducer, the sound passes through the water bath, skin, 

subcutaneous fat, rectus abdominus (striated muscle), possibly part of 

the intestines, fat, bladder wall (more striated muscle), and finally 

into the urine. The average velocity of the sound from the transducer 

to the urine is 

_ dw + df + dm 
° " d d- d ^ 

cw cf cm 
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TRANSDUCER 
WATEI 

MUSCLE 

FAT 

PUB I 
INTESTINES 

BLADDER 
WALL*" 

URINE 

Figure A.5. Tissue layers encountered during ultrasonography 
of the bladder 
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where d and d, are the total muscle and fat thicknesses, d is the 
m t w 

water bath thickness, the skin has been ignored because it is too thin 

to affect the results much, and the intestines and their contents 

have not been included because no velocity data could be found for them. 

The range to the proximal wall is: 

Tj m ctj A.26 

where tj is the measured time divided by two (since the echoes make a 

round trip). If the speed of sound in urine is cu then the distal wall 

range is: 

r 2  "  r l  +  £ u ( t 2  +  

- (c - cu)tj + cut2 A.27 

Eq. A.27 shows that r2 depends on r1( so the estimates are not indepen

dent. But c = cu, so the dependency is very small and r^ and r2 are 

"approximately" independent. 

Holmes (1971, p. 306) measured sonic velocities in several 

urines with different specific gravities and osmolalities and found an 

average value of 1,525 m/sec that varied by ± 15 m/sec. The component 

of c from the water coupling bath is known since the distance to the 

abdomen can be estimated from the A-scan data. The tissue interfaces 

between the skin and the urine are not necessarily distinct in the 

A-scans, so some average value must be assumed for these media. For a 

water bath depth of 2 cm, a total fat thickness of 2 cm, and combined 

rectus abdominus and bladder wall thickness of 2 cm, Eq. A.25 gives 
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c * 1,515 m/sec. The tissue velocities used were: 1,500 m/sec for 

water, 1 .ASO m/sec for fat, and 1,600 m/sec for muscle. These values 

are taken from the velocities ranges compiled by O'Brien (1977). 

Tissue velocities reported in the literature are averages and 

can be expected to vary both within and between individuals (Wells, 

1977, p. 123). The thicknesses of the tissues will also vary between 

individuals with the greatest variation expected in the fat layer. For 

the calculation in Eq. A.25, c drops as the fat thickness increases as 

shown in Figure A. 6. The simplest approach for measurement purposes 

would be to assume a constant c for all situations. The value of c 

calculated above is very close to the average value of the speed of 

sound in urine, cu, found by Holmes. It is not unreasonable, therefore, 

to use c • c • 1,525 m/sec. A variation of 5% from the assumed value 

of c would result in a shift of about 2.5 mm in the computed values of 

rj and r2. The effect of a uniform shift in ri and rz is treated next. 

Volume Errors Resulting from an Incorrect c 

Let the true average velocity of the water bath and the tissues 

over the urine be 

c • c -A A.28 
e c 

where cg is the average value assumed by the instrument in computing 

ri. Let the urine sonic velocity used for computation, cu, be the 

correct value. There will then be a net shift in the apparent position 

of the bladder. 
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Figure A.6. Change in £ vs. total fat layer thickness 
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In Cartesian coordinates this error has no effect on the 

computed volume because it cancels when the range estimate function f 

i s computed 

fc(x,y) -  z2  -  Z1 

"  c e t l  +  c u ( t 2  "  * ! >  "  V l  

° cu(t2  " t i)  A.29 

where t1 and t2 are the one-way travel times. 

In cylindrical coordinates the errors do not cancel when the 

range function fp(6,z) is computed and an error results in the computed 

volume. If fp(6,z) is the true value and 7^(0,z) is the computed value 

we have 

fp(0 ,z) -  +  2 £ c
u

t i ( t2 " V A , 3° 

when the measured times and correct velocities are used. 

If cf i  - c + Ac the computed function is 

fp(e.z) -  f
p(0»z)  +  Ct/cM'a " *0 A.31 

where t » t(9,z) is the one-way travel time to the organ walls. The 

second term on the right-hand side of Eq. A.31, the error, is integrated 

by Simpson's rule along with the correct range estimation function 

fp(e,z)-



106 

Consider the error 

E p  •  c u V l ( t 2  "  f c l >  A - 3 2  

and then form the ratio 

fP '  l lcu ( t2 " t i ) 2  * 

Ac 

c + ^ - l )  

. A.33 
c 

Eq. A.33 implies that the volume computed, Vpe, compared with the 

volume that would be computed If •» 0 wl 11 have a smaller relative 

error than Ac has to c: 

| v  -  v |  | a  |  1 pe 1 1 c1 , 
— V <~T~ A-3** 

A similar argument can be applied to the spherical coordinate 

scans. In this case the measured times t1(<f>,8) and t2($,6) (pre-

divided by two to give one-way travel times) and the correct velocity 

c give a range estimation function: 

* 3Ccu ( t 2  -

c2 

+ tl(t2 " tl)2lsln,<> A.35 
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The use of c M 5 + A gives 
C C 

fs(*.e) -  fs(<M) + Es(+Pe) A.36 

where 

Es(*.e) -  -  tx)[cu(t2  -  tj)  

+ 2ctj  + Act  j  ]  s I  n<(> A.37 

Again, we form the ratio 

ESU,0)  Ac Icu(t2  -  t l)  + 2ctj + Act ,]  

r i O T 3 —  _  
c2t  1 +  C C

U
( t2 " +  311^2 ~ 

Now, by assuming that c = cu> we can write 

Es(*,6) rtt(l +-^) + t2i 

•T^mT s T [It2 - tl)2 1 

—? + t  
3 t l  2  

A- A Cm £ —(2 + -1 . A.39 

Eq. A.39 implies that: 

lVse " V l  „ lAcl 
v < 2 ~ r ~  ^  

where V£e is the computed volume and V is the volume that would be 

computed if • 0. 

The analysis in this Appendix has not considered errors in the 

assumed acoustic path that arise from refraction. The variation in 
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sonic velocity of soft tissues is not very great, so the refraction 

effects would probably not result in any significant change in the 

value of c. A more significant effect of refraction is that the ranges 

estimated will not be for points that lie on the axis of the transducer. 

Work is currently in progress to access the severity of errors caused 

by refraction. 

We conclude that c • c • 1,525 m/sec appears to be a good 

initial choice for computing ranges from A-scans in this application. 

This value is slightly less than the average soft tissue velocity of 

1»5^0 m/sec used widely in commercial diagnostic ultrasound equipment. 

Variations in cy for different urines appear to be small (+ 1%). 

Variations in c may be expected to be larger, but should not be more 

than about ± 3% if fat thickness is the primary source of those varia

tions. The volume errors resulting from c errors depend on the trans

ducer scanning motion. Cartesian scans give volumes independent of c; 

cylindrical scans give relative volume errors less than the relative 

error in c; spherical scans give relative volume errors less than twice 

the relative error in c. 
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