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Abstract--Acoustical shadowing occurring at the edges of curved objects is one of the most frequently observed 
artifacts in ultrasound imaging. This artifact has been generally ascribed to refraction and reflection effects at the 
boundary between the curved object and the surrounding tissues. However, the shadowing that would be produced 
by pure refraction and reflection may not correspond in all circumstances to what is most often seen clinically, Le., 
a sharp, discrete shadow projecting down from the edge. We used a tissue-mimicking contrast detail phantom, 
speed of sound (SOS) 1477 m/s, containing cylindrically shaped wells to investigate the origin of these shadows. 
Using solutions of relatively high SOS (20% ethylene glycol), approximately equivalent SOS (distilled water), 
and low SOS (70% isopropyl alcohol), the phantom was scanned with the scanbead face oriented perpendicular to 
and parallel to the central axes of the cylinders. Shadowing could be produced in both cases when there was a 
SOS difference between the contents of the cylinders and the phantom. When scanning perpendicular to the 
cylinders, refraction and reflection effects could have contributed to any shadowing produced, but when the scan 
planes were oriented parallel to the central axes of the cylinders, neither refraction nor reflection could be 
occurring to a significant degree. The shadowing produced in these circumstances could be better explained by a 
phenomenon well known in transmission ultrasonography called phase cancellation. Phase cancellation would 
produce shadowing independent of scan plane orientation, and could contribute to the shadowing generated in 
clinical imaging. 
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I N T R O D U C T I O N  

The acoustical shadow that is cast behind the edges of  
curved objects is a c o m m o n l y  recognized artifact in 
ultrasound scanning. It has been shown by ray tracing 
methods or the quantification of  the backscattered 
ampli tude f rom a string target behind a cylinder that 
r e f rac t ion  and  ref lect ion effects a long  a cu rved  
boundary  between media  of  different speeds of  sound 
(SOS) alter the profile o f  the sound field behind the 
object and can produce shadowing (Robinson et al. 
1981; LaFollette and Ziskin 1986; Ziskin et al. 1990). 
Yet, despite the fact that  refraction and reflection 
have to be occurring, the shadowing that they would 
generate  is often not  what  is seen clinically when 
shadowing is produced at the margins of  objects such 
as cysts. Specifically, the shadowing produced at the 
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Fig. 1. Cross-sectional ultrasound image of a gallbladder 
showing two shadows projecting down from the edges 
(arrows). The shadows are abrupt and narrow. They do not 

spread as they progress distally. 
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Fig. 2. Photograph from above of the phantom used in this study. The arrow shows the scanning surface 
employed in this study. 

edges of  curved objects usually appears as an abrupt, 
discrete diminution of  signal projecting directly be- 
hind the edge of  the object along the tangent to the 
curve defined by the line of  sight of  the transducer 
(Fig. 1). As elegantly described by LaFollete and Zis- 
kin (1986) and Ziskin et al. (1990), such an abrupt 
shadow does occur at the margins of  curves where the 
SOS of  the material inside of  a cyst is lower than the 
surrounding tissue, i.e., index of  refraction less than 
1. When the index of  refraction is close to but less 
than 1, a sharp shadow results; however, as the speed 
of  sound of  the medium in the cyst progressively di- 

minishes relative to the surround,  the shadowing 
deep to the cyst becomes broader (Ziskin et al. 1990). 
This broad  area of  d iminished echogenici ty  then 
abruptly intercepts an area of  bright posterior acous- 
tical "enhancement"  behind the circular object (Zis- 
kin et al. 1986). This becomes more pronounced as 
the relative differences between indices of  refraction 
across a boundary increases. This might explain why 
such a broad area of  diminished backscattered inten- 
sity is not commonly  seen clinically, since it would be 
extremely rare to have a SOS difference between soft 
tissues that is great enough, 15% or greater, to pro- 

Fig. 3. Computed tomographic slice through the phantom showing the 3 stacked cylinder design of the wells. At 
each plane of intersection between cylinders of different diameters (arrows), there is a sharp edge with a flat 
surface defined by the portions of the base of the larger cylinder that overhang the smaller cylinder and abut the 
phantom itself. When scanning parallel to these surfaces, they represent small arcs of circles of infinite radius of 

curvature upon which sound fields directed parallel to them cannot reflect or refract. 



(a) (b) 

Fig. 4. Scans of  the phantom made with the transducer 
oriented perpendicular to the long axes of the wells. The 
wells contained 20% ethylene-glycol in water (SOS 1590 
m/s) (a), distilled water (SOS 1477 m/s) (b), and 70% iso- 
propyl alcohol (SOS 1366 m/s) (c). Sections through the 
largest diameter cylinders are shown in all cases, although 
similar shadows were generated with all cylinder sizes. Note 
the sharp shadows at the margins of the cylinders in (a) and 
(c) (arrows). No shadows are seen at the margins of the 
cylinders in (b). The phantom material behind all of the 
cylinders is accentuated in brightness due to the smaller atten- 
uation coefficients of  each of  the fluids relative to the 

phantom. 

(c) 
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duce such shadowing (McDicken 1981; Ziskin et al. 
1990). 

Robinson et al. (1981), in contrast, suggested 
that a shadow in the case of  a low velocity cyst in a 
high velocity sur round  could be caused by actual 
splitting of  the beam, decreasing its overall intensity 
along the ray passing tangent to the cyst wall. This too 
would produce a narrow shadow which is consistent 
with what is observed clinically, yet such a shadow 
would probably be relatively weak. Further,  they 
demons t ra te  the backscattered intensity of  such a 
shadow, and also show it converging somewhat to- 
ward the area behind the center of  the cylinder. This 
type of  effect is not usually seen. 

An edge shadow can also occur when the me- 
dium in the cyst has a higher SOS than the surround- 
ings (Sommer et al. 1979; Robinson et al. 1981; Zis- 
kin et al. 1990). This shadow is produced due to a 
defocussing effect caused by the relatively high SOS 
fluid in the cyst. However, this shadow again extends 
broadly behind the cystic object and may, in fact, 
contain weak echoes produced by reflections that  
have been geometrically misplaced by the scanner 
due to refraction of  the beam. This broad decrease in 
amplitude leads into an abrupt shadow at the margin 
caused by a total reflection secondary to a failure of  
Snell's Law at the edge (Robinson et al. 1981; Som- 
mer et al. 1979.). 

Because of  this variability in the theoretical ap- 
pearances of  shadows with the relative uniformity of  
appearances in clinical experience, we undertook to 
further  study this p h e n o m e n o n  of  edge-generated 
shadows. We employed a phantom and experimental 
design which would discriminate between shadows 
produced behind objects of  circular cross-section that 
contain relatively high and low speeds of  sound com- 
pared to the background, and can also generate inter- 
faces and conditions in which refraction and reflec- 
tion do not occur significantly. 

M A T E R I A L S  AND M E T H O D S  

The phantom used is composed of  a rubber base 
tissue mimicking material (ATS Laboratories Inc., 
Bridgeport, CT) (Figs. 2 and 3). It contains 8 separate 
parallel wells with each well actually representing 3 
stacked cylinders of  different diameters: .76 _+ .05 cm, 
1.26 _+ .02 cm, and 2.19 + .02 cm. These measure- 

Fig. 6. Image of a well containing distilled water produced 
by scanning parallel to the long axis and lateral to the in- 
tersection between the largest diameter cylinder and the 
intermediate diameter cylinder. By scanning along this sur- 
face, a pure fluid-phantom interface is generated without a 

second layer of fluid intervening. No shadow is seen. 

ments were obtained from computed tomographic 
images with a window centered at the phantom's  
mean density o f - 1 2 5  Hounsfield units and a win- 
dow width o f  20 -30  Hounsfield units. The  wells 
could be filled with materials of different speeds of 
sound relative to the phantom. The SOS in the phan- 
tom was calculated by substitution of  the phantom 
into a distilled water path of  known thickness, and 
using through transmission to measure the change in 
the time of  flight of  the signal from a transmitter 
(Panametrics V320 7.5 MHz) to a broadband hydro- 
phone. 

Three different solutions at room temperature 
(22°C) were used: 70% isopropyl alcohol (SOS 1366 

Fig. 5. Scans of the phantom made with the transducer oriented parallel to the long axis of individual wells. The 
wells contained 20% ethylene-glycol in water (a), distilled water (b), 70% isopropyl alcohol (c), and air (d). Note 
that shadows are projected from the surfaces at the intersection of cylinders of different sizes in (a), (c), and (d) 
(arrows). No shadows are seen in (b). Each of the shadowing boundaries is oriented parallel to the sound field. In 
the case of (d), the abrupt edge shadowing is defined between the high amplitude reverberation artifacts within 

and behind the air-filled cylinders and the phantom shell. 
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m/s), 20% ethylene glycol in water (SOS 1590 m/s) 
(Goldstein and Langrill 1979), and distilled water 
(SOS 1488 m/s) (Del Grosso and Mader 1972). The 
SOS of  the isopropyl alcohol-water mixture was cal- 
culated by again using a water substitution method 
similar to the one used for the phantom and was in 
close agreement with previous measurements (Sehgal 
et al. 1986). Scans were also made of  the phantom 
with the cylinders containing only air. 

Scans were made with the transducer oriented 
perpendicular and parallel to the central axis of  a 
given well (Figs. 4 and 5). The parallel scans would 
ei ther intersect the d iscont inuous  boundar ies  be- 
tween cylinders of  different diameters (Fig. 5) or the 
plane of  the slice could be shifted so that it intersected 
only the base of  the largest cylinder (Figs. 6-8). Scans 
perpendicular to the central axis were made through 
cylinders of  each diameter  with each solution. 

All images were performed using an Acuson 128 
linear array transducer,  3.5 MHz.  The wells were 

scanned at a depth of  about 4 cm from the scanhead 
face. The elevational focus at this depth is 1-3 mm 
(personal observations). A single focal zone at the 
level of  the fluid- or air-containing wells was used on 
transmission with dynamic  focusing on reception 
from all depths. Shadowing was best seen in this 
mode. The dynamic range was varied from 30 to 50 
dB. However, the highest contrast setting, i .e.,  30 dB, 
was always em p lo y ed  for the d i sc r imina t ion  o f  
shadowing. The time-gain compensation curve was 
set to produce a uniform background echogenicity in 
the columns of  phantom material located between 
pairs of  cylinders. 

R E S U L T S  

The SOS of  the phantom was determined to be 
1477 _ 15.3 m/s (standard deviation from regression) 
at 22°C. The mean value is within 0.8% of  the calcu- 
lated SOS of  distilled water at this temperature (Del 

(a) (b) 

Fig. 7. (a) Image of a well containing 70% isopropyl alcohol scanned parallel to the long axis and generated at 30 
dB dynamic range. The scan was made by scanning lateral to the intersection between the largest diameter 
cylinder and the intermediate diameter cylinder. The background gain was set to produce a near uniform 
echogenicity in the portions of the isonified phantom not lying behind the fluid-filled well. An abrupt shadow is 
seen (arrow). (b) Scan of the same well after the overall gain was reduced so that the intensity of the background 
echoes just approximated the intensity of the shadow. The differences in gain between the two images is 13 dB. 
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(a) (b) 

Fig. 8. (a) Longitudinal image of a well containing a 20% ethylene glycol-water solution and generated at 30 dB 
dynamic range. As in Fig. 7, the background gain was set to produce a near uniform echogenicity in the portions 
of the insonified phantom not lying behind the fluid-filled well. An abrupt shadow is again seen (arrow). The scan 
was, again, made by scanning lateral to the intersection between the largest diameter cylinder and the interme- 
diate diameter cylinder. (b) Scan of the same well with the overall gain reduced 12 dB, the point at which the 

shadow just disappeared. 

Grosso and Mader 1972). The percentage variations 
between the phantom and the ethylene glycol-water 
and the isopropyl alcohol-water mixtures were 7.7% 
and 7.5%, respectively. These differences are within 
the approximate range of physiological differences, 
given that a large physiological variation such as that 
seen between fat and soft tissue is on the order of 
about 6% (McDicken 1981). 

Scans perpendicular to cylinders of each diame- 
ter containing each of the solutions resulted in mor- 
phologically similar shadowing at the margins of the 
high and low SOS fluids (Fig. 4). The shadows were 
thin and projected directly down from the tangent to 
the cylinder's surface that was perpendicular to the 
face of the scanhead. The areas behind each cylinder 
showed increased backscatter due to decreased atten- 
uation of the materials in the cylinders relative to the 
phantom. Similar areas of acoustical enhancement 
occurred behind the cylinders filled with distilled 
water, but no edge shadows appeared (Fig. 4b). 

Scans made parallel to the central axes of the 
cylinders generated sharp shadowing at the sites of 

union between the bases of cylinders of different sizes 
(Fig. 5). These shadows were produced at the surfaces 
of each discontinuity, i.e., where the base of the larger 
cylinder did not abut the lumen of the smaller cylin- 
der (Fig. 5). Each of these surfaces was flat and paral- 
lel to the ultrasound beam. The distilled water-phan- 
tom experiment generated no shadowing (Fig. 5b). In 
addition, abrupt shadowing also occurred at the edges 
of the air-containing cylinders and phantom (Fig. 
5d). This shadowing, which was morphologically 
similar to the shadowing with fluid in the cylinders, 
appeared between the phantom backbone material 
and the reverberation noise in either the remainder of 
the air-filled cylinders or the phantom material be- 
hind the cylinders. 

In order to obtain a uniform, continuous bound- 
ary between the liquid-filled cylinders and the back- 
ground shell of the phantom, the lateral portion of 
the edges of the bases of the largest cylinders were also 
scanned (Figs. 6-8). The scan planes in these in- 
stances largely missed the abutting smaller cylinders, 
and hence a continuous boundary parallel to the 
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sound beam was produced. Abrupt shadows were 
again generated for both the relatively high and low 
SOS mediums, but the distilled water-phantom in- 
terface did not produce shadowing (Figs. 6-8). 

To approximately quantify the amplitude of the 
shadowing along the nonair-containing straight 
boundaries at 30 dB dynamic range, the background 
gain was depressed sequentially from the original un- 
iform background setting until the brightness of the 
echoes in the background approximated that of the 
shadow prior to the gain change. This was done both 
for the high and low SOS solutions. This amplitude 
difference was between 11-13 dB (Figs. 7 and 8). 

DISCUSSION 

As mentioned above, the generally accepted ex- 
planation for the shadowing produced at the edges of 
curved objects is refraction and reflection of the 
sound beam (Sommer et al. 1979; Robinson et al. 
198 l; LaFollette and Ziskin 1986; Ziskin et al. 1986, 
1990). Although these phenomena undoubtedly 
occur, they do not always explain some of the domi- 
nant observations. For instance, refraction and re- 
flection can produce, in the case of relatively high 
SOS in the cyst and low SOS in the surround, broad 
areas of decreased backscatter behind the cyst ex- 
tending to behind the edge. This is in contradiction to 
the sharp, abrupt shadow generally seen behind the 
boundaries of cysts scanned in vivo (Fig. 1). 

It is interesting to note that Robinson et al. 
(1981) and Ziskin et al. (1990) predicted that the 
shadow produced by a low SOS cyst-high SOS sur- 
round could be sharp, although Robinson et al.'s de- 
scription would probably produce quite weak 
shadowing. These explanations would be consistent 
with what we observed when scanning the phantom 
perpendicular to the long axes of the cylinders. How- 
ever, such explanations will not account for the 
shadowing generated when scanning parallel to the 
long axis of the cylinders. Except for minor off-axis 
components of the ultrasound beam, reflection and 
refraction cannot occur along the flat surface, i.e., 
infinite radius of curvature, whose normal is perpen- 
dicular to the sound field. Further, these authors pre- 
dicted that the morphology of the shadowing will 
change depending on whether the cyst has a higher or 
lower speed of sound relative to the medium (Robin- 
son et al. 1981; Ziskin et al. 1990). This is not consis- 
tent with our observations, since shadowing pro- 
duced behind cylinders when they are scanned per- 
pendicular to their long axes is morphologically quite 
similar, independent of whether the SOS of the fluid 
in the cylindrical chambers was greater than or less 

than that in the phantom. However, some of this 
discrepancy can be explained by the fact that shadow- 
ing morphology is dependent on the relative speeds of 
sound between the surroundings and a cyst, and re- 
cent work has shown that narrow shadows can be 
produced by reflection and refraction when the dif- 
ferences in SOS across a boundary are relatively small 
(Ziskin et al. 1990). 

Our experiments show that acoustical shadow- 
ing produced along boundaries between media of dif- 
ferent speeds of sound cannot be entirely explained 
by refraction/reflection effects. Refraction and reflec- 
tion cannot explain shadows that occur at boundaries 
of infinite radius of curvature oriented parallel to the 
direction of the sound field. Refraction of sound at 
boundaries between media of  different speeds of  
sound requires that the propagating wave actually 
cross the boundary. This requires that some compo- 
nent of the propagation vector of a wave, which is 
defined as pointing normal to the surfaces of constant 
amplitude, actually point across the boundary. If this 
vector is parallel to tangent to the boundary, this 
component has zero amplitude, and no refraction or 
reflection can occur at that boundary. The plane 
wave produced by our linear array scanhead produces 
such a condition at the cylinder boundaries of in- 
terest. 

This notion is further substantiated by the scans 
of the air-filled cylinders. Refraction cannot be con- 
tributing at all to the abrupt edge shadowing at the 
cylinder-phantom boundary that is oriented perpen- 
dicular to the face of the scanhead. This is because for 
a sound beam to refract it must penetrate a boundary 
and bend due to speed of sound differences across the 
boundary. Clearly, air is an essentially impenetrable 
barrier, making significant refraction impossible. In 
addition, as mentioned above, all the shadows at the 
edges of curved objects were basically identical, inde- 
pendent of whether the nonair-containing cylinders 
contained high or low SOS material. This latter fact 
also suggests that although refraction and reflection 
have to be occurring at these boundaries, these phe- 
nomena may not be the only cause for the shadowing. 

One possible explanation that is consistent with 
all of these findings is a phenomenon known as phase 
cancellation. This property, which is well known in 
through transmission ultrasonography (Klepper et al. 
1977; Jones et al. 1979), has not been widely consid- 
ered in standard B-scanning. Although phase infor- 
mation is lost when producing routine diagnostic ul- 
trasound images, phase phenomena certainly come 
into play when these images are produced, whether 
the actual image records phase or not. 

The primary artifact in transmission attenuation 
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imaging, as well as pulse echo imaging, is due to the 
distortion of  the ultrasound wavefront by tissues with 
inhomogeneous  speeds of  sound. As a wavefront  
passes through such tissues, the wavefront is distorted 
because different portions of  the wavefront travel at 
different rates; allowing some parts of  a wavefront to 
move ahead of  others. When such a wavefront con- 
tacts an ultrasound element, there is a cancellation of  
the signal in some segments of  the receiving trans- 
ducer surface by other areas of  the transducer (Figs. 9 
and l 0). At any one time, one transducer area may be 
at high pressure from the incident wave, while other 
areas may be at equivalently low parts of  the pressure 
wave, causing small or even zero signals. Much of  the 
transmission at tenuat ion literature deals with this 
phase cancellation artifact by using phase insensitive 
receiver materials (Klepper et al. 1981) and linear 
(Schmitt et al. 1984; Chenevert et al. 1984) or two- 
dimensional (Fitting et al. 1987) transducer arrays for 
2-D and 3-D artifacts, respectively. 

Even very early calculations of  acoustical wave 
propagat ion showed that  simple refraction or ray 
tracing without consideration of  phase and wave am- 
plitude were not adequate to explain the echo pat- 
terns distal to objects whose speeds of  sound differed 
from their surrounding media (Tamarkin 1949). This 
type of  complete field calculation for a simple, con- 
t inuous plane wave traveling perpendicular  to the 
axis o f  a cylinder with different SOS than the sur- 
roundings was extended by Robinson and Greenleaf  
(1984). The excellent graphical presentation of  the 
results showed the variat ion in magni tude  and in 
phase within and distal to cylinders for SOS in the 
cylinder greater than, equal to and less than those of  
the surrounding material. Robinson and Greenleaf  
(1984) also noted that there is a progressive accumu- 
lation/loss of  phase as a plane wave propagates across 
cylinders of  relatively higher/lower speeds of  sound 
than the surroundings. This is, o f  course, due to the 
differing path lengths across the circular cross-sec- 
tions. In our  case, when scanning parallel to longitu- 
dinal axes of  the cylinders, the inplane path lengths 
are the same, and the only site of  phase variations 
occurred at the cyl inder-phantom boundaries. 

How these transmitted field disturbances would 
actually manifest themselves in pulse echo imaging is 
not totally clear. A set of  similar calculations should 
be performed for the pulse echo case. In addition to 
providing explanations of  artifacts and aiding extrac- 
t ion of  diagnostic in format ion  from the artifacts, 
complete calculations may even point to possible cor- 
rections of  the image for some of  the artifacts (Chen- 
evert et al. 1983). An interesting result of  the case 
with matched speeds of  sound showed that very little 
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Fig. 9. Schematic diagram of a nondistorted plane wave 
intersecting a flat element (cross-hatched rectangle). The 
longitudinal wave is represented by three parallel lines. The 
thick line (arrow head) corresponds to the compression 
peak, the thin line (arrow) corresponds to neutral pressure, 
and the dotted line (hollow arrow) corresponds to the rare- 
faction trough. Four instances in time are shown for a sin- 
gle cycle, and the integrated voltage recorded from the en- 
tire element is displayed at the right with time advancing 
from top to bottom. Each of the long arrows extending 
from left to fight relates a particular event occurring at the 
element face with the corresponding instantaneous output 
voltage. At t = 0, the wavefront has not yet contacted the 
element. At t = I, the compression peak has just impacted 
the element, producing a positive voltage across the ele- 
ment. At t = 2, the neutral density midportion of the wave 
has just hit the element generating no voltage, and at t = 3, 
the low pressure trough has impacted the element generat- 
ing a negative voltage. The signal is uniform across the 

element face. 

disturbance of  the field was caused by variations in 
density, which would produce some reflection. The 
authors attributed much of  the distal pattern to dif- 
fraction by the edges of  the cylinder. However, when 
there are only one or two diffracting edges, as in a 
cylinder, most of  the redirection of  the beam energy 
for phase cancellation effects is probably produced by 
refraction and reflection, rather than diffraction. This 
appears  evident  in the figures o f  Green lea f  et al. 
(1982), which illustrate diffraction effects by cylin- 
ders on a transmitted beam. In the case of  the air- 
filled c y l i n d e r s - p h a n t o m  boundar ies ,  diffraction 
could be playing a larger role, but as stated above, 
refraction can have no role in this circumstance. Suf- 
fice it to say in our  case that diffraction effects at the 
j u m p  discontinuity where the cylinder boundaries 
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Fig. 10. Schematic diagram showing the affect of a distorted 
wavefront on the output voltage. The distorted wavefront is 
represented by a simple plane wave that is contacting a flat 
element (cross-hatched rectangle) at an oblique angle, 
~20  °. The thick line (arrow head) represents the high 
pressure portion of the wavefront, and the thin line (arrow) 
represents the low pressure, rarefaction trough. The wave- 
front-element interaction is shown for 5 instances in time 
with the corresponding instantaneous output voltages 
identified on the integrated voltage-time plot by long 
arrows extending from left to right. Time is extending from 
top to bottom. The plot under each "element" depicts the 
local pressure at each point on the element face at each of 
the 5 instances of time shown (t = 0). The compressive peak 
has just intersected the left-hand edge of the element with 
the local pressure reaching a maximum at that point. The 
integrated voltage is positive. Most of the element is at 
equilibrium pressure, however. This fact will be true 
throughout this discussion, and it has the effect of markedly 
decreasing the total output as compared to the undistorted 
wave described in Fig. 9 (t = 1). The low pressure rarefac- 
tion has contacted the left-hand side of the element. This 
rarefaction and the total high pressure portion of the wave 
are simultaneously in contact with parts of the element 
causing cancellation of the low pressure and the analogous 
portions of the high pressure components of the wave. This 
is seen as a decrease in the instantaneous integrated voltage 
across the element (t = 2). Both the high amplitude and low 
amplitude portions of the wave are contacting equal areas 
on the element face. There is total cancellation, and the 

begin could be contributing to this shadowing, and 
although the effects seem small under other condi- 
tions, fur ther  s tudy of  the diffraction effects for 
pulse-echo sources in this geometry need to be per- 
formed. 

It is interesting to note that Robinson  et al. 
(1981) demonstra ted weak shadows along curved 
margins at water-phantom interfaces, whereas we saw 
none. As noted above, interfaces with identical speeds 
of  sound do not affect a sound beam significantly 
(Chenevert et al. 1983). It is possible that the SOS 
differences between distilled water and our phantom 
were less than theirs, or perhaps they had greater 
contrast resolution than we did. 

C O N C L U S I O N  

Although reflection and refraction can produce 
shadowing at the margins of  curved objects, these 
phenomena cannot explain all of  the shadows seen in 
clinical B-mode images. Specifically, we have shown 
using a phantom with boundaries oriented parallel to 
the propagation vector of  the plane wave generated 
by a linear array transducer produced shadowing at 
the boundaries between media of  different speeds of  
sound. Since this boundary is oriented parallel to the 
wave vector, reflection and refraction cannot be oc- 
curring to any great degree. The discontinuity of  
phase across this boundary secondary to this SOS 
discontinuity suggests that phase cancellation of  the 
backscattered signal at the transducer face could be 
producing this artifact. 
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