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The effect of specular reflection on ultrasonograph-
ic images reconstructed out of plane to the plane of
acquisition of a three-dimensional volumetric data
set was studied using two in vitro phantoms that
incorporated structures exhibiting specular reflec-
tion. The phantoms were scanned transversely (axi-
ally) to form three-dimensional data sets, with coro-
nal cross-sectional images reconstructed perpendic-
ular to the plane of acquisition of the data sets.
Directly scanned, nonreconstructed coronal images
of the phantoms also were obtained in the same
planes and from the same areas as the reconstruct-
ed coronal images. The direct and reconstructed
coronal images were compared. Owing to the inher-

ent directionality of specular reflectors, the recon-
structed coronal images differed from the directly
scanned images in two ways, containing some
hyperechoic regions that were not present at direct
coronal scanning and failing to contain other hyper-
echoic areas that were present at direct coronal
imaging. We conclude that sonographic images
reformatted from volumetric data sets may have a
different appearance than images scanned directly
in the same plane, independent of other factors
such as resolution. This should be taken into
account when such reformatted images are inter-
preted. Key worDps: Three-dimensional ultrasonog-
raphy; Artifact; Reflection, specular.

onstruction of reformatted planar ultra-
sound images from 3D data sets was
described in the last decade.l2 Initially,
adoption of the technique was hampered by consid-
erable technologic and computational requirements.
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3D, Three-dimensional
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Recently, however, the technology has improved
considerably, so that many studies have evaluated
the utility of this method, only a partial listing of
which can be cited.*-1® Some potential advantages of
this technique include (1) ability to visualize
anatomic or pathologic features in optimum planes
that cannot be insonated directly23s; (2) improved
evaluation of organs subject to respiratory motion, as
the entire volume data set can be obtained during
one breathhold:s; (3) ability to perform the data
acquisition portion of an ultrasonographic examina-
tion very quickly:s; and (4) reduced operator depen-
dence, which it is hoped will result in improved
standardization and repeatability of examinations.18

Specular reflectors are hyperechoic when insonated
at, or near, perpendicularity, but they exhibit reduced,
or absent, echogenicity at other insonation angles.
Because of this directionality, we hypothesized that
specular reflectors might produce artifacts in planar
images reconstructed from 3D data sets, so that an
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image reconstructed in a plane other than the plane in
which the 3D data set was obtained may have a dif-
ferent appearance than an image obtained by direct
scanning in that plane (Fig. 1). Two in vitro models

Figure 1 A and B are cubes that are exactly alike, composed of
a sonolucent matrix containing hyperechoic central tubular
inclusions. The solid arrows indicate the pulse propagation
direction. The acoustic impedance of the tubular inclusions is
different from that of the cube material so that the walls of the
tubular inclusions are specular reflectors (the black curvilinear
arcs at the tubular inclusions in A and B). If cube A is directly
insonated from the side, the resultant slices in planes 1 and 2
should have the appearances indicated at 1* and 2*, respec-
tively (black margins of the tubular inclusion in 1* are due to
specular reflection; the thin hyperechoic area in 2* results from
the beam intersecting the edge of the tubular inclusion, where
no specular reflection is present). If a 3D volumetric data set is
obtained with the plane of acquisition orthogonal to the plane
of reconstruction, as illustrated in cube B, the tubular inclu-
sions should have a different appearance in images recon-
structed in the same planes as planes 1 and 2. Cube B is
insonated with the pulse propagation direction perpendicular
to its top, with the 3D volumetric data set obtained by translat-
ing the transducer across the top of the cube in the direction of
the dashed arrow. With this scanning geometry, specular reflec-
tions occur at the top and bottom of the tubular inclusion in
cube B. The planar image reconstructed at plane 3 (same plane
as plane 1) should differ from that of plane 1 because the data
set lacks the specular reflections present in direct scanning in
plane 1. The planar image reconstructed at plane 4 (same plane
as plane 2) should differ from that of plane 2 as it contains the
specular reflection produced when the pulse propagation
direction is perpendicular to the top of cube B; no such specu-
lar reflection is present in plane 2 on direct scanning.
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were constructed and scanned to evaluate our
hypothesis. If it is correct, this effect of specular reflec-
tors on planar images reconstructed from a 3D data
set might lead to difficulty or confusion in interpreta-
tion of these images.

MATERIALS AND METHODS

3D volume sets of sonographic data were obtained
by scanning two ultrasound phantoms in the trans-
verse plane. A commercially available ultrasound
unit coupled to a position encoding device was used.
Offline analysis was performed to reconstruct
images of both phantoms in the coronal plane.
Images of both phantoms were also obtained by
direct scanning in the coronal plane. For each phan-
tom the reconstructed coronal images were then
compared to directly scanned coronal images to
determine if specular reflectors produced discernible
differences between the two sets of images. A
detailed description of the experimental technique
follows.

Ultrasound Phantoms

One phantom was constructed of long, linear hyper-
echoic scatterers, circular in cross section and
approximately 3 mm in diameter. Scatterers that
were circular in cross section were chosen so that
transverse sections, obtained in any direction per-
pendicular to the long axis of the scatterer, would
still be circular in cross section and have specular
reflections at the near and far edges of the scatterers
(Fig. 2). This phantom is subsequently referred to as
the “parallel bundle phantom.” The other phantom
was constructed using a cadaver Achilles tendon to
determine if the effects demonstrated in the parallel
bundle phantom could be reproduced using a tissue
model. This phantom is subsequently referred to as
the “tendon phantom.”

Parallel Bundle Phantom

The substrate in which the hyperechoic parallel bun-
dles were suspended was prepared by dissolving
unflavored gelatin in boiling water (250 ml water for
every 20 g of gelatin). The phantom was formed in
stages in a shallow plastic container. First, a base of
gelatin approximately 2 cm thick was poured and
cooled in a refrigerator until firm. Strips of gelatin of
similar thickness, approximately 1.5 cm wide, were
placed on top of the surface of the base layer to form
a four-walled gelatin enclosure (approximately 2 cm
high and 3 x 7 cm on its sides) to hold the parallel
bundles. Previous experience had shown us that
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cooked spaghetti when insonated has a hyperechoic
appearance that simulates the speckle of homoge-
neous organs such as the thyroid or testis, and that
if spaghetti is suspended in gelatin it exhibits spec-
ular reflections at its near and far edges (even when
it is stacked on itself). Thus, spaghetti was chosen as
the hyperechoic scatterer for the phantom. An ade-
quate amount of #8 size spaghetti was cooked until
tender, as if for eating. Once cooked, each strand of
spaghetti measured approximately 3 mm in diame-
ter. Lengths of spaghetti were carefully arranged
parallel to each other in the gelatin well so that their
sides touched. Layers of spaghetti were stacked to
form the phantom. Constructed this way, the phan-
tom consisted of layers of hyperechoic interfaces
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Figure 2 Ultrasonograms produced by direct scanning of the
parallel bundle phantom. A, Direction of pulse propagation
(arrow, single arrowhead) perpendicular to the top of the phan-
tom, resulting in a transverse section. B, Pulse propagation
perpendicular to the side of the phantom, resulting in a trans-
verse section scanned in a different orientation than in A. C,
Pulse propagation perpendicular to the side of the phantom
but in coronal section. Note that the slightly curvilinear hyper-
echoic arcs (arrowheads) at the near and far edges of the bun-
dles, due to specular reflection, are positioned in different
locations in A than in B. (Ignore the white line in A, which is
a reference line for a coronal reconstruction not used in this
figure.) Also note that the specular reflections in C are thin
hyperechoic lines, which were never thicker than those illus-
trated in any coronal plane.

oriented parallel to each other (Fig. 2). Additional
gelatin was then carefully poured over the
spaghetti, taking care to eliminate all air from
around the spaghetti, and cooled until set. Once
formed, the phantom had the appearance of a solid
block of gelatin with a parallel bundle of spaghetti
suspended within it.
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Tendon Phantom

This phantom was composed of an approximately
7 cm length of cadaver Achilles tendon suspended in
gelatin.

Scanning Technique

Gray Scale Sonography

Sonography was performed with a LOGIC 700 MR
ultrasound unit (GE Medical Systems, Milwaukee,
WI) using an M12L variable frequency linear array
transducer (which produces parallel image lines)
operating at 13 MHz, with multiple focal zones at the
region of interest. The following settings were used
for the tendon phantom: dynamic range, 78; edge
enhancement, 4; map, E* (linear mapping); frame
averaging, 0. The following settings were used for
the parallel bundle phantom: dynamic range, 69;
edge enhancement, 6; map, E; frame averaging, 0.
For each phantom, the same settings were used for
both the 3D volume acquisition and the direct scans
obtained for comparison with reconstructed images.

3D Volume Data Acquisitions

3D volume data acquisitions were obtained by imag-
ing according to the following technique, described
elsewhere.20 The transducer is affixed to a freehand
scan system in which the B-scan plane is perpendicu-
lar to the scanning motion. A framework allows the
transducer to slide along a track but prevents lateral,
range, and rotational movement. A computer-con-
trolled position encoder records the transducer loca-
tion, and B-scans are acquired at fixed intervals of 100
+ 10 um. It took approximately 5 min per 3D volume
acquisition to scan and obtain the data. Each B-scan
was digitized as 379 x 380 pixel images, with each
pixel corresponding to a 100 um x 100 pm region.
Once the data sets were obtained for both phantoms,
offline coronal images orthogonal to the plane of orig-
inal image acquisition were obtained using MATLAB
(Mathworks, Natick, MA) image processing software.
By averaging in the original axial dimension, the
desired reconstruction slice thickness was obtained.
Calibration experiments on a homogeneous speckle
phantom have previously shown the slice thickness of
the transducer, operated under the chosen parame-
ters, to be approximately 200 pm. Images were there-
fore reconstructed from the 3D data set at 200 pm
thicknesses, throughout the entire thickness of the
phantoms, to allow accurate comparison to directly
scanned images. The images that best showed the dis-
crepancy between direct coronal and reconstructed
coronal images were chosen for illustration.
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Direct Coronal Scanning

Direct scans in the coronal plane of both the parallel
bundle phantom and the tendon phantom were
obtained to compare with the scans reconstructed in
the coronal plane from the 3D volume data sets.

RESULTS

Parallel Bundle Phantom

Figure 2 shows representative images from direct
transverse scanning (pulse propagation direction
perpendicular to the top [Fig. 2A] and to a side
[Fig. 2B]) and coronal scanning (Fig. 2C). Thin linear
hyperechoic areas are present at the near and far
walls of the bundles due to specular reflections.

Representative coronal images derived from the
3D data set are illustrated in Figure 3. Note that the
hyperechoic bands in the reconstructed images
(Fig. 3B, C) are broader than those in the directly
scanned coronal image (Fig. 2C), which were very
thin and never had an appearance thicker than that
illustrated on any of the images obtained.
Although broad hyperechoic bands similar to those
in Figure 3B,C were not present in every 200 um
thick reconstructed image throughout the entire
thickness of the phantom, they were present when
the reconstruction plane intersected a specular reflec-
tor. These broad hyperechoic bands are a major
difference between the longitudinal images recon-
structed in the coronal plane and the longitudinal
images from direct scanning in the coronal plane.
Conversely, coronal images reconstructed from the
same data set but with the reconstruction plane at a
level that does not include specular reflections
showed a virtually complete absence of linear hyper-
echoic regions (Fig. 3D). This contrasts with the
direct coronal scan perpendicular to the near and far
walls of the bundles (Fig. 2C), which shows multiple
linear hyperechoic regions produced by specular
reflections.

Tendon Phantom

Representative images from direct transverse and
coronal scanning are illustrated in Figure 4. Multiple,
linear, parallel hyperechoic interfaces that are very
thin are present in the longitudinal coronal image
(Fig. 4C). Linear hyperechoic bands thicker than
those illustrated could not be elicited by direct coro-
nal scanning. As with the parallel bundle phantom,
coronal images of the tendon reconstructed from the
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3D data set show broad, linear areas of increased
echogenicity (Fig. 5B), which were much broader
than any present at direct coronal scanning (Fig.
4C). Additionally, sharply defined, thin, parallel lin-
ear hyperechoic regions were not as prevalent in the
reconstructed coronal images as they were in the
images obtained from direct coronal scanning (com-
pare Fig. 5B with Fig. 4C).

Figure 3 Reference transverse slice (A) from the 3D volumetric
data set obtained with pulse propagation perpendicular to the
top of the phantom and coronal images (B-D) of the parallel
bundle phantom reconstructed from the 3D data set. White
line spanning the image from side to side and intersecting the
parallel bundles in A denotes the level of reconstruction of B.
Note the five thick hyperechoic bands in B. These are pro-
duced by the reconstruction plane in A intersecting and
including the locations of specular reflections (which are
obscured by the white line in A). Hyperechoic bands this thick
could not be produced by direct coronal imaging. (In this and
all other coronal reconstructions, the top of the reconstructed
coronal image corresponds to the right side of the reference
transverse image.) Coronal reconstruction in C shows the
widest band of increased echogenicity that could be produced
in the coronal reconstruction plane. Coronal reconstruction in
D was performed through the middle of the bundles, where
no specular reflections were present in the 3D data set (except
for the area at the bottom left of the image, which included the
edge of one of the spaghetti strands). Thus, the image lacks the
long white lines at the margins of the spaghetti bundles that
were present at direct coronal scanning (Fig. 2C).
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DISCUSSION

To test our hypothesis that specular reflectors cause
images reconstructed from a 3D volumetric data set
to potentially have a different appearance from
images obtained in the same plane by direct scan-
ning, we constructed and studied two phantoms.
One, the parallel bundle phantom, exhibited sym-
metry to specular reflection (i.e., whether it was
scanned from the top or the side, the specular
reflections were located at the near and far walls of

A
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the structures producing the specular reflections
[Fig. 2A, B]). The other phantom, the tendon phan-
tom, was studied to show that the suspected effects
of specular reflection, once demonstrated in the first
phantom, could be produced from tissue as well.
The Achilles tendon was used because it is the
largest tendon in the body; however, we expect that
similar results would be obtained from any tendon.
A phantom incorporating an Achilles tendon, rather
than direct scans of in vivo Achilles tendon, was
used for two reasons. First, the medial and lateral
skin margins of the posterior heel are curved. This
interfered with obtaining direct coronal images at
normal incidence to the long axis of the tendon,
even using a stand-off pad. Since tendons are
highly anisotropic (the specular reflectors well seen
at normal incidence quickly disappear when scan-
ning deviates more than just a few degrees from

Figure 4 Ultrasonograms produced by direct scanning of
the tendon phantom (arrows denote the direction of pulse
propagation). A and B are transverse images and C is a
coronal image (these images were obtained in the same
planes as A, B, and C of Fig. 2, respectively). In A, the direc-
tion of pulse propagation is perpendicular to the top of the
tendon, whereas in B the direction of pulse propagation is
perpendicular to the side of the tendon (arrows). Note in A
the multiple short, linear hyperechoic bands, which are
specular reflections, oriented perpendicular to the image
lines. In B, similar specular reflections are present again
perpendicular to the image lines, but they are now oriented
perpendicular to those in A. (Hyperechoic strands project-
ing from the tendon margins are thin strands of residual
connective tissue adhering to the tendon.). The same effect
was seen throughout the entire tendon. In the coronal
image (C), note the thin, lengthwise linear hyperechoic
strands produced as the sound wave encounters the specu-
lar reflectors of B. Throughout the entire tendon, none of
the linear hyperechoic strands were thicker than those illus-
trated.

B
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normal incidence), it was important for us to scan
perpendicular to the tendon. The in vitro model
allowed this owing to its flat sides (the tendon was
positioned in the gelatin with its long axis parallel
to the sides of the phantom). Second, this method
prevented patient motion and avoided corruption
of the data set.

Scanning the parallel bundle phantom produced
the results we expected. First, images reconstructed
in the coronal plane, perpendicular to the transverse
plane of data set acquisition, at times generated
wide, linear hyperechoic regions (Fig. 3B, C) that are
an artifact of the technique and are not present with
direct coronal scanning (Fig. 2C). We believe this is
due to the fact that the plane of the reconstructed
scan is parallel to, with its thickness encompassing, a
broad area of specular reflection (Fig. 1), which is then
included in the reconstructed image as a broad area of

A
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echogenicity. Second, coronal images reconstructed at
a level that does not include the specular reflections
produced by transverse scanning perpendicular to the
plane of coronal reconstruction do not exhibit the
same linear hyperechoic regions at the edges of the
bundles (Fig. 3D) that are present with direct coronal
scanning (Fig. 2C). We believe this is because the 3D
data set, since itis scanned in a different plane than the
plane of reconstruction, does not have specular reflec-
tors in the same locations where they are present on
direct coronal scanning. Thus, not only may reformat-
ted images contain artifactual information (the broad
hyperechoic bands) but in addition they may fail to
contain information (linear specular reflective inter-
faces) that is present at direct scanning.

After the parallel bundle phantom was studied, we
sought to determine if the same effects could be
observed with biologic tissue. Tendon was chosen as
the tissue of interest because it contains a large num-
ber of specular reflectors. Our results show that the
same effects observed in the parallel bundle phantom
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are produced in tendon as well. Thick hyperechoic
lines (Fig. 5B), caused by inclusion of specular reflec-
tions, are present in the reconstructed coronal images
that were not present in the directly scanned coronal
images (Fig. 4C). Furthermore, fewer thin hyperechoic
interfaces were present in the reconstructed coronal
images than in the directly scanned coronal images.

It should be noted that our experiment was
designed to show the maximum effect of the artifac-
tual appearance produced by the inclusion of specular
reflections in images reconstructed out of plane to the
plane of data acquisition. The hyperechoic bands pro-
duced by inclusion of specular reflections in the recon-
structed images should become thinner as the
reconstructed scan plane approaches the plane of data
set acquisition.

One limitation of our study is that tendon exhibits
more specular reflections than many other organs
do. Therefore, results in some other organs may not
be as prominent as those observed in the tendon we
studied. Nonetheless, our results have demonstrated

Figure 5 Reference transverse image (A) from a 3D volumetric data set obtained with pulse propagation in the direction of the
arrow and longitudinal coronal image (B) of the tendon reconstructed from the data set (white line in A denotes the level of the
coronal reconstruction in B). In B, note two things: first, a broad hyperechoic band is present at the top of the reconstructed image
(arrow) produced by inclusion of a specular reflector in the reconstructed image (which was visible in the reference transverse
view but is obscured by the white reference line in A). Bands this wide could not be produced at direct coronal scanning
(Fig 4C). Second, note that this reconstructed coronal image contains fewer sharply defined, thin, linear hyperechoic strands than
are present in Figure 4C. This finding was noted throughout the series of reconstructed coronal images.

A
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the effects of specular reflections on reconstructed
images, and these effects should come into play in
any organ or structure that exhibits specular reflec-
tions. Furthermore, tendon sonography is potentially
a fruitful area for the application of reformatted out-
of-plane imaging. In the rotator cuff, where the axial
and sagittal images that are usually obtained are
unfamiliar and confusing to the referring surgeon,
coronal reformatted images may help to convey bet-
ter the full extent of a tendon tear. Thus, in this appli-
cation alone, it may be important to understand the
appearance of the artifacts that our study has
demonstrated.

In conclusion, specular reflections have a different
appearance in images reconstructed from a 3D data
set than they do in directly scanned images. This
may cause a potentially confusing appearance in the
reconstructed images. In clinical images, the result of
this effect may range from insignificant in those
organs in which specular reflections play a minor
role in image formation to potentially problematic in
those organs whose appearance depends more
strongly on specular reflection. In problematic cases,
it may be necessary to perform direct scanning in the
same plane as the reconstructed image to resolve the
confusion. Further study is required to determine the
extent and overall importance of these artifacts.
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