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Tomographic Reconstruction of Ultrasonic Attenuation
with Correction for Refractive Errors

The nonionizing and noninvasive characteristics of ultrasonics promote its increasing use in medical applications. Com-
puterized ultrasonic attenuation tomography is one area where medically significant images may be reconstructed for
diagnostic purposes. The objective of this work is to make an initial correction for refraction error and other problems
present in computerized ultrasonic tomography. As a refinement of the scanning technique, our method attempts to
provide high-quality projection profiles to the reconstruction algorithms. The important aspect of this new scanning mode
lies in its correction for refraction in the measured attenuation profiles. In reconstructing phantom targets scanned by our
experimental system, results superior to traditional line-of-sight scanning were obtained.

Introduction
In diagnostic medicine there is a growing need for an im- attenuation tomography and experimental evaluations of
proved means of imaging internal bodily features without this technique on simple phantoms [11, 12].

forced entry. These noninvasive techniques must handle
a wide spectrum of medical needs ranging from imaging of
the skeletal structure to investigation of the circulatory
system [1, 2]. In addition, these techniques should not
pose any safety problems for patients under examination

Ultrasonic imaging

As another form of radiography, diagnostic ultrasound
produces a cross-sectional image of internal body struc-
tures in terms of one of the typical acoustic parameters
(3. such as reflection, attenuation, or speed of propagation
[13-15]. In present medical practice, a commonly used
technique is the pulse-echo mode in which the reflection
of ultrasonic waves is used as the imaging parameter.
From bio-acoustic studies, it has been shown that the
ability to reconstruct a cross-sectional image based on at-

The most common method of internal imaging is x-
rays, which for many cases can produce clear and de-
tailed pictures. However, its physical risk is a major con-
cern to physicians. Its utility, moreover, is not the same

for all situations. In applications where tissue dif- tenuation or speed of propagation would provide addi-

fere.ntlia thl‘{ of mterrllal organ struc%ure 15 de§|r ed, ult.ra- tional significant diagnostic information for physicians
sonic imaging techniques can provide more information [10, 16-19]

without resorting to other expedients (such as injection of
chemicals to enhance x-ray absorption). For general med-
ical examinations, the nonionizing ultrasonics are consid-
ered to be less hazardous than x-rays. This safety feature
combined with the capability to determine structure and
differentiate between normal and pathologic tissues
within the body presents motivation to improve the tech-
niques presently being used for ultrasonic imaging [4-10].

One method of measuring attenuation and speed of
propagation is the transmission mode in which the trans-
mitter and receiver are placed facing each other and scan
across a cross section of the target placed between the
two transducers. For each uniformly spaced point along
the scan, the effect on the parameter of interest as a result
of the ultrasonic wave traveling the line from transmitter
to receiver is summed. The resulting shadow profile is
called a projection curve (see Fig. 2, shown later). For
two-dimensional cross-sectional reconstruction, the re-

This paper presents a new technique for measuring the
projection curves required for computerized ultrasonic
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Figure 1 Effect of refraction on a parallel-ray transducer

through a cylindrical target with refractive indexes of 1.6 for tube
contents, 1.62 for tube, and 1.5 for outer medium.

Table 1 Acoustic properties of tissues.

Attenuation
coefficient
(dB/cm at 1 MHz)

Material  Characteristic  Propagation
impedance velocity
(gcm®s x 1079 (m/s)

air 0.0004 331 12
water 1.48 1480 0.0022
fat 1.38 1450 0.63
blood 1.61 1570 0.18
muscle 1.70 1585 1.8
liver 1.65 1550 0.94
kidney 1.62 1560 1.0
bone 7.80 4080 20

quired data is a set of projections taken at different angles
uniformly spaced over a semicircle around the patient.

Two medically significant parameters of reconstruction
are the acoustic attenuation coefficient a{w) and the ve-
locity of propagation v of the ultrasonic wave through the
medium {16, 17]. Attenuation and propagation velocity in
biologic materials occur as a result of several mechanisms
[17, 20, 21]. For plane sound waves at frequency w, at-
tenuation is defined by a(w) in the equation

A= Aoe_"("’)zejw ('_ k_‘f) ’ ey

where the measurement A is used to describe a sound
field such as pressure, displacement, etc., A, is the ampli-
tude at the origin, and £ is the wave number. The com-
bined effect of the different mechanisms on the amplitude
of a wave of ultrasound traveling through the medium is
characterized in terms of a{w). The acoustic attenuation
for soft tissues has been found to be approximately pro-
portional to frequency in the range of one to ten MHz.
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Another parameter characteristic of the medium is the
amount of time it takes for an ultrasonic wave to travel a
known distance in the medium. The time-of-flight mea-
surements result in the reconstruction of a velocity map
1/v(x, y) or the related index of refraction map n(x, y).

The reconstruction of attenuation requires accurate
measurements of the sum of the ultrasonic energy elasti-
cally scattered by inhomogeneities within the tissue and
the energy absorbed by the tissue by energy conversion
while it is traveling designated paths through the target
[22]. Any diminution of amplitude from purely geometri-
cal effects must be removed. This means that the effects
of refraction and reflection must be corrected.

In a simple interface situation, Bragg’s Law tells us that
the amount of refraction is dependent on the refraction
indices of the two materials joining at the interface and
the angle of incidence of the wave. For a material with

refraction as a continuous function of spatial position,

Farrell has developed a simulation program which uses
ray optics for analysis [23, 24]. Rays are traced through a
simulated refractive index field to the receiver plane.
When a ¢ylindrical target was used in the simulation, with
the presence of all possible incident angles, the existence
of a nonnegligible effect due to refraction was clearly
demonstrated. In Fig. 1, refraction is greatest at those in-
terfaces which are almost parallel to the incident beam.
Each line in the beam represents a ray whose path has
been traced. With the occurrence of such beam bending,
traditional line-of-sight (LOS) attenuation measurements
will indicate a much greater attenuation than is actually
present. The reconstructions will be imperfect.

For an interface between two biological materials of
characteristic impedance Z, and Z,, neglecting shear
waves, it can be seen from Table 1 that reflection is small
for waves with incidence perpendicular to the interface.
Reflection may be quite large at nonnormal incidences
[21, 25, 26].

In addition to geometric and structural problems, in-
strumental problems such as phase cancellation and beam
width also contribute to errors in measurements. Since
we are trying to measure the attenuative effects of the
tissue, the other mechanisms are to be regarded as arti-
facts.

A typical piezoelectric receiving transducer is of finite
size and produces a signal from the integral of the signal
amplitude across the transducer face. Thus, if it simulta-
neously receives two spatially close signals 180° out of
phase with respect to each other, the output will appear to
be zero. This would be especially true in the presence of
refraction.
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Due to the existence of refraction and phase can-
cellation, a basic tradeoff exists in selecting the receiver
diameter. To maximize the received signal in the pres-
ence of refraction, a larger receiver is more desirable.
However, phase cancellation increases as the size of the
receiver is increased. A smaller receiver is needed. The
objective is to catch all the signal without the effects of
phase cancellation.

Beam width is also an instrumental problem. Since the
resolution of the system is closely dependent on the size
of the beam detected, beam thickness serves to reduce
the capability for differentiating small spatial changes.
Like the width of the beam, beam divergence reduces the
energy per unit area.

A factor relevant to both attenuation and velocity mea-
surements is the frequency dependence of the attenua-
tion. The frequency spectrum of the transmitted signal
will change significantly after traveling through the target.
Since attenuation increases with increasing frequency,
the high-frequency signal components will be more atten-
uated than the lower-frequency parts of the signal. The
received peak frequency could shift down from the initial
resonant frequency of the transmitting transducer.

One method of attenuation measurement has been to
measure peak amplitude without regard for frequency
content. Thus, a frequency-dependent attenuation will in-
troduce some error into this measurement. A narrow fre-
quency spectrum would be beneficial for obtaining more
accurate attenuation measurements by eliminating some
of the ambiguity that a wide bandwidth would present.
However, this is a direct tradeoff with phase cancellation.
Having only one dominant frequency causes the signal to
be highly susceptible to the distorting effects of phase
cancellation. For a broad-band transducer, while certain
frequencies may cancel, others will not.

In the following sections, we will present a new tech-
nique which minimizes the effects of refraction, phase
cancellation and beam width divergence in transmission
measurements.

Refined attenuation reconstruction

The arrangement presently used for transmission tomog-
raphy has been to place the transmitter and the receiver in
a line [27]. As shown in Fig. 2, the ultrasound signal is
launched from the transmitter and traverses the target
along path / until arrival at the receiver. The received sig-
nal amplitude can be expressed as an exponential func-
tion of the integral of «,

Aplt) = A, exp [—J a(u, v)dv], )
1
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Figure 2 Projection curve geometry for parallel scanning.

where A is the transmitted amplitude, ¢ is the viewing
angle, and u, v are the Cartesian coordinates of the sys-
tem. After passing through a logarithmic amplifier, the re-
ceived signal is

InAyu) =InA, - J a(u, v)dv. 3)
!

A normalized attenuation projection is obtained as

Pyu) = J

4

au, v)dv — [ a,(u, vydv, )
1
where a, is the attenuation in the water surrounding the
target. If the separation between the transducers is fixed,
the second integral is a constant. The function P,,(u) is
then a one-dimensional projection of the change of atten-
uation due to the target as viewed from an angle 6. Addi-
tional projections may be measured at other angles by ro-
tating the target after each scan. The set of projections
may then be inverted by any of the several available com-
puter algorithms developed for x-ray tomographic recon-
struction [28]. This method assumes that the received sig-
nal measures the sum of attenuation along the straight line
between the transmitter and the receiver. However, be-
cause of refraction and reflection, the measured attenua-
tion may be largely due to the sensing of only a fraction of
the available signal. It should also be noted that these
equations do not explicitly account for the frequency de-
pendence of attenuation. Since « is a strong function of
frequency, it will cause beam softening in a pulsed signal,
due to the increased absorption at higher frequencies. 73
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Figure 4 Traditional LOS scanning as compared to the four
proposed derivations in DT scanning. R(x) is the spatial distribu-
tion of the received signal. The reconstruction parameters are:

Original, P (A) = R(A);

Peak value, P(A) = R(B);
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Figure 5 Animplementation configuration of the LOS scanning
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To correct the errors in the measurements, let us con-
sider an alternative to LOS reception. Let us scan with a
small receiver some distance &x on either side of the LOS
point for each transmitted point (Fig. 3). There is a re-
ceived beam profile associated with each transmitter posi-
tion called a miniprofile. Such a detached transmitter
(DT) arrangement gives much more information about the
target and has potential for corrections based on this addi-
tional knowledge.

With the DT mode of scanning, there is a whole mini-
profile available where before there was only one value
(LOS measurement). From each miniprofile there must
be one value derived to represent the projection function
at the point corresponding to the transmitter position.
Four different derivations using the DT mode were inves-
tigated.

One straightforward correction is to find the maximum
value of each received miniprofile. This may not be the
LOS point if the target is refracting. The attenuation at
this miniprofile maximum is then used as the value on the
projection curve at the line-of-sight point. This correction
will only be effective in the areas where the rate of change
of the attenuation parameter over a distance comparable
to the refraction distance is small. Otherwise, the result-
ant attenuation of the refracted beam and the attenuation
along the straight line path beam become significantly dif-
ferent. If refraction is small, the path to the detected max-
imum point will closely approximate the straight line path
to the LOS point. Thus, by accounting for beam direction
changes, the refraction error will be reduced. Expected
errors will be maximum near the edges of interfaces due
to increased refraction and reflection.

The sum of the values in each miniprofile is another
derived function to characterize the target field for each
transmitter position. Although this method is similar to
the integration provided by a large receiver, it will not
have the instrumental phase cancellation problems of a
large receiver, because each point is being summed indi-
vidually.

The average of all the values in the miniprofile is similar
to the sum. It more accurately handles the situation
where motor fluctuations cause the number of samples in
each miniprofile to vary, and thus the sum to change erro-
neously.

The fourth method is to sum the square of every mea-
surement. The value used for the projection at the point
corresponding to the transmitter position is the sum of the
squares of each point in the miniprofile. Squaring the val-
ues on the miniprofile will cause the spatial refraction
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Figure 7 A focusing 2.25-MHz piezoelectric transducer.

function to become sharper and a better approximation to
an impulse function. It will then be a more useful parame-
ter to use for reconstruction.

These four alternatives to LOS scanning (see Fig. 4 for
summary) were designed and implemented to correct for
errors arising from refraction.

Experimental implementation

In order to acquire digitized ultrasonic data for image re-
construction, show the feasibility of the techniques dis-
cussed above, and demonstrate their potential for ultra-
sonic image improvement, an experimental system origi-
nally developed at the IBM Thomas J. Watson Research
Center by Chow et al. was modified to implement these
techniques [6].

The ultrasound scanning apparatus consisted basically
of a water tank with two immersed transducers at oppo-
site ends. The target sat on a rotating table between the
transducer and receiver. There were two different scan-
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Figure 8 Frequency spectrum of transmitter signal.

ning modes of operation: 1) LOS mode (Fig. 5)—the
transducers, fixed with respect to each other, were fitted
into arms coaxially facing each other and moved with a
computer-controlled scanning motion. 2) Detached trans-
mitter (DT) mode (Fig. 6)—the receiver moved by com-
puter control while the transmitter was manually cranked
a uniform distance for each complete scan of the receiver.
It should be pointed out that the movement of the re-
ceiver can be eliminated by an array receiver.

Measurements were taken in only one direction of
scanning to avoid motor nonuniformity. Both translation
and rotation motors were computer-controlled. The me-
chanical motor resolution was on the order of 0.012 mm
in the direction of wave propagation and even better
quantitatively in the direction of scanning. Angular motor
resolution was also very small, on the order of 0.2 de-
grees. All three motor resolutions were far better than
that needed for adequate fidelity. The description and
basic operation of the system have been reported else-
where [6].
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Figure 9 Block diagram of ultrasound experimental system.

The transmitter was pulsed at regular intervals and the
receiver picked up the signal after transmission through
the target. A focusing piezoelectric transducer with a
half-power width of 5 mm was used (Fig. 7). The fre-
quency spectrum of the transmitted signal was centered
at 2.25 MHz (Fig. 8). The 12-cm-long focused region
started 7 cm away from the face. Under this constraint,
the distances between transmitter and receiver lines of
motion for the LOS mode were approximately 16.6 cm
and 18 cm for the DT mode. The receiver was a planar
2.25-MHz transducer with a face diameter of 13 mm. The
scan movement was 95.25 mm in length with averaged
and digitized samples spaced uniformly. An average of
more than 25 kbytes of data was recorded per scan for
full-wave acquisition. Due to the large amounts of data
involved, when the full-wave signal was recorded (LOS
or attenuation slope) the sampling interval was 0.73 mm.
If only the maximum of the digitized signal was recorded
(DT mode), the sampling interval was decreased to
0.18 mm. The transmitter in DT mode was cranked a total
distance of 76.2 mm at 1.27-mm intervals. Each scan in-
cluded portions with only water for normalization. To
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minimize scanning motion disturbances in the water tank,
the transducers were moved at a very low speed of
3.3 mm per second. If multiangle scans were desired, the
table could be rotated after each linear scan. Figure 9
shows the block diagram of the system.

Beam divergence was minimized with the use of a fo-
cusing transducer with a relatively long focal length. To
minimize phase cancellation problems, the 13-mm-diame-
ter receiver was fitted with a special purpose aperture
plate, designed to receive only a small fraction of the sig-
nal while minimizing diffraction [29]. The aperture plate
consists of two brass plates separated by a sealed air
chamber. A 1-mm opening in the center allows signal
transmission. The effect of the aperture on the received
signal can be seen in Fig. 10, measured (a) with the aper-
ture plate and (b) with no aperture. Signal strength has
been decreased by 16 dB. The amount of phase can-
cellation is dependent on the maximum phase lag of the
signals simultaneously arriving at the face of the receiver.
This phase lag is a function of the ultrasound wavelength
and the path length difference of those waves. If the path
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Figure 10 Received signal (a) with and (b) without aperture
plate.

length difference of waves arriving within the scope of the
aperture is small with respect to the wavelength, little
phase cancellation will occur. In our experimental system
the area of the receiver face was greatly diminished with
the aperture. Actual area was decreased by a factor of
1/13% = 0.006. Thus, complete cancellation does not oc-
cur. The approximation to a pinpoint receiver has been
greatly improved.

Furthermore, with the use of a focusing transducer,
placing the observation plane as close to the transmitter
focal point as possible (Fig. 11) minimizes the amount of
defocusing the signal undergoes before it is detected. This
also decreases the possibility of phase cancellation at the
receiver. A sample miniprofile measured on this system is
shown in Fig. 12.

A phantom target composed of a cylindrical rubber
tube filled with either water or castor oil was used. Castor
oil was selected for testing because its acoustic character-
istics are similar to those of biologic tissues. Polyethylene
finger-cots filled with castor oil or water were also tested.
The targets were chosen to be cylindrically symmetric be-
cause of the resulting simplification in the reconstruction
computation. Theoretically, only one projection or profile
of attenuation contains all the needed information for one
cross-section reconstruction. In addition, a cylindrically
symmetric target presents a situation where all possible
incident angles are present for a range of resulting refrac-
tion errors.

With this cylindrical phantom, any error due to refrac-
tion will become more severe at interfaces parallel to the
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Figure 12 Measured miniprofile obtained with the DT scanning
technique.

transmitted ray where the incident angle becomes large
and thus the refracted angle also becomes large. At these
same interfaces, reflection also becomes a problem.
Beyond the critical angle the entire signal becomes a re-
flection. With a significant amount of reflection present,
our correction for refraction would be less effective in re-
ducing the total number of artifacts in the reconstructed
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Figure 13 Reconstruction of castor oil in rubber tube with LOS
scanning.

Table 2 Acoustic properties for experimental materials.

Material Propagation Attenuation
velocity coefficient
at 20°C at 20°C
(m/s) (dB/cm at 2.25 MHz)
water 1480 0.0046-0.0049
castor oil 1570-1622 0.363-0.364
rubber 1900-2200 0.69-0.71

Table 3 Summary of comparison of reconstructions.

Scanning and Oil in Water in
processing mode rubber tube rubber tube

v:0.191 0.19
LOS £:0.43
DT
v:0.10 0.07
peak £:0.43-0.47
y:0.15 0.13
ave £:0.57-0.62
y:0.13 0.13
sum £:0.57-0.62
sum of y:0.14 0.14
squares £:0.49
y:0.12-0.14 0.18
Slope of FDA £:0.27
Physical v : 0.06
£:0.51-0.52

v : dimension ratio
£ : quantitative attenuation ratio
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image. However, this is practically unavoidable with a re-
alistic target. We feel our experimental investigation is
valid since less reflection can improve our results by de-
creasing reflection-induced errors.

It became clear during the use of the detached trans-
mitter arrangement that refraction is a major problem
with ultrasonic transmission. The receiver detected a sig-
nal over a distance which was more than 2.5 times the
size of a beam received in water. Spreading of this magni-
tude is due to beam divergence, target refraction, and re-
flection.

Experimental results

Using the proposed detached transmitter technique out-
lined in the previous sections, significant improvements
over LOS attenuation reconstructions were observed.

Two criteria were used for comparison: 1) The ratio of
tube thickness to the cylinder inner radius in the recon-
structed images was calculated. For the actual target, this
ratio is

_ tub'e thtckne'ss — 0.06, ®)

cylinder radius
2) Each method was also evaluated with respect to the
experimentally determined quantitative values of attenua-
tion. Define ¢ as the ratio of average castor oil attenuation
to rubber attenuation with respect to water

f — acastor 0il - awater (6)

ambber - awater

Here the average attenuation values for castor oil and wa-
ter are derived from a midline slice of the resultant image.
The rubber cylinder was not thick enough to allow for an
average to be taken. Instead, the value for rubber attenu-
ation was taken to be the peak of the derived attenuation
midline. Using the experimentally determined values in
Table 2 for the materials included in this study, ¢ has a
range of 0.511-0.522.

As seen in Table 3, the peak of the miniprofile results in
the best reconstructed images. This technique would
seem to be the most viable of the methods investigated. A
discussion of the results follows.

Figure 13 shows the reconstructed image of a target of
rubber cylinder filled with castor oil scanned with aper-
ture in the traditional LOS mode. Shapes are shadowy
and the jitter indicates the presence of considerable error.
In addition to this error, blurring has increased the ratio
of tube thickness to inner radius y from 0.06 to 0.191, a
substantial error. Quantitatively, the ratio of average
value of attenuations of castor oil to rubber ¢ = 0.428,
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Figure 14 Reconstruction of castor oil in rubber tube with DT
scanning. (a) sum of miniprofile, (b) peak of miniprofile, (c) sum
of squares of miniprofile, (d) average of miniprofile.

decreased from 0.511. The same technique for a cy-
lindrical tube filled with water showed similar results.

For a castor oil target, the reconstruction based on the
peak detected in the DT mode resulted in a much sharper
and clearer image [Fig. 14(b)]. Though there are errors at
the sharp interfaces, they were only obvious in the imme-
diate vicinity of the interface. The ratio of thickness to
radius vy is 0.102 for the castor oil target. Quantitatively,
the values of rubber and castor oil with respect to water ¢
lie in the range 0.432-0.470. Miniprofile peak for a water-
filled tube in DT mode improved the y to 0.069 [Fig.
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Figure 15 Reconstruction of water in rubber tube with DT
scanning. (a) sum of miniprofile, (b) peak of miniprofile, (c) sum
of squares of miniprofile, (d) average of miniprofile.

15(b)]. In addition, the water value within the tube is
much more uniform. The fluctuations present in the LOS
method have been reduced.

Reconstruction with the average value of the mini-
profile as the parameter resulted in an image with im-
proved characteristics of sharpness and clarity. The im-
provement is similar to but less than that exhibited by
peak reconstruction [see Fig. 14(d) for castor oil target].
Here the quantitative values show a ¢ of 0.567-0.617. Di-
mensional ratio is y = 0.146. As opposed to the peak re-
construction which resulted in a very clean image, recon-
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Figure 16 Block diagram of frequency-dependent attenuation
reconstruction method. F (w, x ) is the average of four Fourier
transforms of water signals. Note that frequency-dependent at-
tenuation measurements are taken in the line-of-sight mode.
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Figure 17 Reconstruction of the slope of the frequency-depen-
dent attenuation curve: (a) castor oil target, (b) water target.

struction of the miniprofile average produced a superflu-
ous ring around the target. This artifact may be due to
reflection effects at the edge of the tube. Such reflection
will be included in the averaging method. The asymmetry
of the extraneous effects ring is due to an alignment prob-
lem in the placement of the two transducers facing each
other. Again for a water target [Fig. 15(d)], the average of
the miniprofile does not seem as effective as the peak in
improving the quality of the image. Improvement of the y
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was changed from the LOS value of 0.185 to 0.132. More-
over, the extraneous ring was also introduced around the
outer surface of the cylinder.

As the sum of the values in the miniprofile is very simi-
lar to the average value, the resulting images are also sim-
ilar [see Fig. 14(a) for the castor oil target] with y = 0.130
and ¢ = 0.567-0.617. In the case of a water target [Fig.
15(a)], the sum produced a y = 0.132 similar to the value
for the average of the miniprofile. The extraneous ring
was also present. The uniformity of the water values
within the cylinder continues to be an improvement over
the LOS mode.

The sum of squares is in effect a sum of the spatial
power spectrum of the transmitted signal in the cross-sec-
tional plane. Used as a reconstruction parameter it also
gave good clear images [Fig. 14(c)]. v = 0.143 is the ratio
of dimensions and quantitatively ¢ = 0.485. For a water
target [Fig. 15(c)], the sum of squares of the miniprofile
seemed to produce slightly more ringing than peak, sum,
or average. Though an improvement over LOS traditional
preprocessing, the y was only improved to 0.144.

All the DT mode reconstructions produced good sharp
images. The prevalence of jitter was greatly decreased.
This was due largely to the correction for refraction since
efforts to minimize phase cancellation and beam width di-
vergence were made for both the LOS and DT modes.
The peak of the miniprofile seems obviously the best
choice of the four deriving functions considered here.

For comparison purposes, frequency-dependent atten-
uation was also taken via the LOS mode. A block diagram
of the processing steps is shown in Fig. 16. Each signal
was normalized with a water signal in the frequency do-
main. Then a least-squares line was fitted through the
points in the frequency spectrum of each signal corre-
sponding to a range around the resonant frequency of the
transducer [30]. This derived slope was used as the value
of the profile at the LLOS point [31]. Note that the band-
width over which the slope measurements were derived
was 800 kHz, which is quite narrow compared to what
others have used. Consequently, our estimates of da/dw
may be more susceptible to numerical errors.

Experimentally, reconstructions of the slope of the at-
tenuation vs frequency curve seemed to do, at best, as
well as the peak of the miniprofile. The resultant dimen-
sion ratio for a castor oil target [Fig. 17(a)] was y = 0.105-
0.140. Less ringing was present than with LOS traditional
scanning, but most of the DT modes with castor oil targets
did considerably better. Here it could not be determined
whether the reconstruction was quantitatively correct
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since the da/dw was not known for all the materials used.
Nevertheless, for a castor oil target, the quantitative ratio
& is 0.265.

For a water target, however, the slope of the attenua-
tion vs frequency curve performed considerably worse
with ay = 0.175 [Fig. 17(b)]. This method seemed to per-
form better where there were less sharp changes in atten-
uation (i.e., water targets over castor oil targets). Though
the resolution is poorer than the miniprofile peak, the
slope of attenuation with respect to frequency does not
produce some of the extraneous outer rings that the DT
modes other than miniprofile peak seemed to introduce.

Though the slope of the frequency-dependent attenua-
tion (FDA) methods performed less capably than the mini-
profile peak of the DT mode, they seemed to do better
than the LOS attenuation reconstructions.

With a Gaussian assumption on the point spread func-
tion of the transducers, beam deconvolution was applied
to the measured profile. The resultant reconstructed im-
ages showed little improvement. Several types of low-
pass filtering were applied to the reconstructed images to
smooth out the ringing in the images. The improvements
were found to be relatively small. A plausible explanation
is that artifacts arising from refraction require a more di-
rect correction than postprocessing filtering alone.

Concluding remarks

Computerized ultrasonic attenuation tomography in-
volves reconstruction of ultrasonic attenuation incurred
by a wave traveling through the medium. Measured atten-
uation contains the effects of energy absorption along
with other mechanisms such as refraction, reflection, and
instrumental performance. In this study, a technique of
making corrections for errors due to refraction and phase
cancellation in the attenuation measurements was investi-
gated. For a set of simple phantom targets, the proposed
alternatives to the conventional LOS attenuation mea-
surements resulted in improved attenuation reconstruc-
tion. Compared with the reconstruction of da/dw of those
targets, our method also appeared to be superior. Further
evaluation of the proposed DT mode would include the
investigation of the effect of reflection errors and the de-
velopment of techniques to reduce artifacts arising from
reflection errors.
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