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Limited-angular-range tomography leads to an elongating distortion of the
object in the direction of the z axis (perpendicular to the camera face). Two-view
tomography appends to the usual data set another set of projections taken after
the camera is rotated 90° about an axis perpendicular to z. We investigated two-
view tomography using a rotating-slant-hole collimator, 12 projections per view
and the SMART iterative algorithm. Computer simulations extended previous re-
sults to include noise and attenuation. Phantoms imaged were the Au-rings in air
and a ventricle phantom angled with respect to the z axis and placed in a water
bath. Two-view results were generally superior compared to one-view results,
were subject to some artifact in imaging defects, but could detect defects by look-
ing at the differences between two sets of images, and were fairly insensitive to
ventricle angulation. Therefore, two-view tomography has promise for thallium-

type imaging.
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Emission computerized tomography (ECT) with
limited-angular-range collimators such as the seven-
pinhole (/), pinhole time-coded aperture (2), rotating
slant-hole (3), and quadrant slant-hole (4) samples a
three-dimensional volume over a solid angle less than the
2w needed for complete sampling. It is now well known
that the results are an elongating distortion of the object
in the direction perpendicular to the camera face. Fur-
ther data processing seems able to correct the problem
only in cases where the sampling is almost complete
(5,6).

We have asked the question: Is it possible to sharpen
the depth resolution by taking a second set of projections
with the same type of collimator but with the camera
swung through 90° to an orthogonal viewing position?
The envisioned geometry is shown in Fig. 1, which as-
sumes a rotating slant-hole collimator. A similar inves-
tigation using the seven-pinhole collimator is now in
progress (7). Our initial computer-simulated results (8)
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lead to cautious optimism. We examine the question
further in this paper with computer simulations that take
into account attenuation and noise, and with phantom
simulations that approximate thallium heart imaging.

Potential advantages of the above approach to tomo-
graphic heart imaging are: (a) the requirement of only
a basically standard camera; (b) the possibility of bedside
imaging in the intensive-care unit; (c) relative to
transverse-section tomography, the need for accurate
camera calibration in only two, rather than many, or-
ientations, and closer proximity of the camera to the
object during the entire time of data acquisition than is
the case with 360° rotation; and (d) compared with
seven-pinhole tomography, the elimination of the need
to position the camera looking down the long axis of the
left ventricle. A disadvantage is the need to develop a
simple and accurate means to obtain the orthogonal
camera position while maintaining a known geometric
relation between the camera and the heart.

MATERIALS AND METHODS

Imaging system. For both the simulated and phantom
data presented in this paper, 12 separate images form the
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FIG. 1. Envisioned clinical geometry for two-view tomography.
Camera is first positioned as close as possible to and over left
ventricle in anterior position. Rotating slant-hole collimator is suc-
cessively rotated about z axis to record 12 separate projections.
Then camera is swung 90° about y axis to lateral position, being
shifted back to clear body. Here, 12 more projections are recorded
as collimator rotates about x axis. Cubical volume centered about
ventricle is then reconstructed from 24 projections.

anterior projection set and the same number form the
lateral set. In between each projection image, the
slant-hole collimator is rotated 30° about its axis of
rotation. Figure 2 shows a representative group of four
images from the anterior view and four representative
images from the lateral view for experimental data taken
with the Au-rings phantom. The symmetry axis of the
phantom is aligned parallel with the axis of the colli-
mator rotation in the anterior view, as shown in Fig. 3.
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FIG. 3. Commercial Au-rings phantom with one end of plastic
blocks removed. Phantom itself could then be rotated to simulate
two viewing positions. Its “‘center,” marked by °, is at same distance
from camera in both views.

In the lateral view of Fig. 2, the one quadrant defect lo-
cated in the third ring can be seen in the 180° image, and
the 5.1-mm gaps between active regions of emitter are
visible in the 90° and 270° images.

Simulations. Images are formed by forward-projecting
a digitized version of the object. Uniform intensity in the
object is assumed except for half-strength or zero-
strength defects. Size of a detector element is a 3.4 mm
square, which leads to a 3.4-mm cubic image element
(see Fig. 1). The collimator’s slant angle is a parameter
taking on values of 26° and 45°. Fall-off of a parallel-
hole collimator’s resolution with distance is not simu-
lated. Likewise, no attempt is made to simulate Compton
scattering or background from blood and organs other
than the left ventricle. Noise is added to the individual
views as Gaussian-distribution noise with a standard
deviation equal to 10% of the counts in the pixel. At-

Lateral

FIG. 2. Representative four projection images from anterior view and same number from lateral view, for experimental data taken with
Au-rings phantom. Angles listed are those of collimator rotation. White arrow points to one-quadrant defect as imaged in 180° lateral
projection. Note nonuniformity due to plastic attenuation for 90° and 270° lateral projections.
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TABLE 1. DIAMETERS FOR ACTIVE RINGS
OF STACKABLE GOLD-RINGS PHANTOM

Inner Outer

Ring No. diameter diameter
1 Ocm 5.0cm
40cm 6.0cm
3A 5.0cm 7.0cm
4 6.0 cm 8.0cm

tenuation is assumed to be uniform, with an absorption
coefficient of 0.19 cm~! to simulate attenuation of the
radiation from TI-201.

The objects investigated are a spherical shell, the
Au-rings phantom, and a half-ellipsoid-of-revolution
shell. Outer diameter of the sphere is 8.0 cm, witha 1.0
cm wall thickness. A one-quadrant half-strength defect,
1 cm thick, can be placed in the xy plane. The Au-rings
phantom simulation has individual blocks 6 pixels thick
(2.04 cm) containing an active ring or disk 4 pixels thick
(1.36 cm). Diameters of individual rings are the same
as for the phantom and are given in Table 1. The rings
are stacked in the order 1 through 4 and are placed with
Ring 1 toward the camera for the anterior view. When
attenuation is included in the data simulation, a point on
the axis of symmetry midway between Rings 2 and 3A
is assumed to be 4.5 cm from the crystal in both views,
and the entire volume in front of the camera is assumed
to be uniformly attenuating. The half-ellipsoid-of-rev-
olution shell is angled so that its long axis lies either 20°
or 40° to the left of anterior and 40° inferior to a tran-
verse section. The dimensions of the ellipsoid are given
by the equation for the inside wall (before rotation):

2 2 2
z + X ) + y ) =1forx >0,
7.3cm 3.7cm 1.8cm

and by the wall thickness of 1.3 cm (9). Data are gen-
erated both with and without a defect 1 cm thick being
placed in the xy plane (before rotation) half-way between
the “apex” and the “base” of the ventricle. It covers one
quadrant in angular extent.

Phantoms. Phantoms are measured with a portable
camera having a small field of view and carrying a ro-
tating collimator having a 25° slant angle. The voxel size
consistent with 128 X 128 acquisition is now 2.2 mm.
The lateral view is obtained by rotating the phantom an
accurate 90° with the camera fixed, rather than by
swinging the camera about an immobile target, as would
be the case in the clinical setting. This method of imaging
the Au-195 rings is shown by the sketches of Fig. 3. A
point-source calibration set of images is also taken with
a point source at the center of the object, which is at a
known distance from the camera face. For the Au rings,
rotation of the phantom is about an axis that passes
through this point. An average of 90,000 counts was
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accumulated for each of the 24 2-min projections, giving
a total of ~2.2 million counts.

To simulate more closely the clinical situation, a
continuous-shell left-ventricle phantom was constructed,
so that its long axis points 30° left of anterior and 23°
inferior to a transverse section (/0). The phantom is
rotationally symmetric about the long axis; outer length
of the long axis is 9.5 cm, outer diameter of the largest
circular cross section is 5.7 cm, and shell thickness is |
cm. The shell is filled with a solution of Tc-99m. A 5-ml
defect of Apiezon wax can be inserted to cover one
quadrant in the plane of the largest cross section.

To simulate body attenuation, the left-ventricle
phantom is placed in a water bath (Fig. 4). To match real
anatomy more closely, the distance of the “center” of the
ventricle from the bottom of the bath is increased from
7 cm for the anterior view to 12.7 cm for the lateral view.
Calculated transmission to the center is 30.3% for the
anterior view and 11.2% for the lateral view. To com-
pensate for the greater distance, two sets of images with
a point source at the phantom’s “center’’ (shown as an
asterisk) are required. Because of the lower count rate
due to greater attenuation, each lateral projection is
measured for three times as long as each anterior pro-
jection. Counts for all projections totaled 1.7 million,
both for the case with the defect and the case without the
defect.

Algorithm. For reconstruction the SMART algorithm
(11) is used without “background” subtraction. The
steps of the basic algorithm are detailed in Ref. 8. Two
methods of correcting for uniform attenuation are tested.
In the first, the data are reconstructed ignoring attenu-
ation, then the resulting images are multiplied by a
compensation matrix (/2). For a given pixel j, the
transmission to the body surface, Tj;, is averaged over the
24 projections to produce T;:

8]

4

== 1
Ti=3; Py Tj
ANTERIOR VEW LATERAL VEW
A A A N\ - AN ._/\_A_A_A_A..J\_A_1
Hy0 Hy0 v
*
GcI:m /@
| » \so;
d
AN
Comers

FIG. 4. Angled left-ventricle phantom placed in water bath. Phantom
is again itself rotated about its *‘center,”” marked by °, but in addition
it is shifted 6 cm away from camera for lateral-view projections.
Angulation of long axis is 30° left of lateral as shown and is also 23°
inferior to transverse section, that is, into page.
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The compensation factors, C;, are formed from the in-
verse of the T;

Cj= ]/Tj

In the second method, the calculated transmissions
are utilized in the iterative reconstruction itself. More-
over, they may or may not be introduced into the initial
impedence estimate. Within the algorithm, the ith ray
sum in the pth iteration, R;*~!, is computed using the
transmissions T;;, as weights

Ry = JZTijlj”"'

where Ij#~! is the jth image element. The ith element
of the error projection, E;»~!, is calculated as before:

E#~' =P =Ry,

where P; is the ith projection element. Instead of aver-
aging over the E;»~! to update the jth image element, as
previously, one now averages over the E;*~! weighted by
a function of T;;. The functions we have investigated are
Tij, 1, 1/+/T;and 1/T;;.

In the impedance first estimate, one replaces the in-
verses of the projection with weighted inverses:

LT, Ty, Ta
P24

I° P, P
Here I° is the image’s initial estimate and the subscripts
for pixel number have been suppressed.
Data analysis. A total-volume accuracy measure, A,
is computed for the results of the computer simulations
by

1
MZ“i—OiI
/\=—l——»
ﬁzoi

where M is the total number of elements in the volume,
I; is the ith voxel of the final image, and O; is the ith voxel
of the object. A similar accuracy measure for only a slice
containing a given number of planes is similarly defined.
A small value of A indicates good agreement between
the strengths of the reconstructed image and the true
object. In addition, circumferential plots are made for
both simulation and phantom results. Images and plots
for the angled ventricles are made after the results are
rerotated through the known angles by a standard
computer program (/3). All circumferential plots are
for slices that are a sum over three or four of the indi-
vidual planes.

RESULTS

Two views compared with one view. Spherical shell
simulation. Two-view results from the noiseless, atten-
uation-free, uniform-strength spherical shell have slight
deviations from uniformity similar to those plotted in
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Ref. 8. These nonuniformities are not completely elim-
inated by increasing the collimator’s slant angle to
45°, -

Nevertheless, with the 26° slant angle and the cen-
trally located, one-quadrant defect, the two views pro-
duce an accuracy measure that is 4.2 times better for the
entire volume and 3.3 times better for the defect slice
than the results with one view (see Table 2).

Au-rings phantom. Figure 5 shows a comparison of
the two-view results to the one-view reconstruction from
only the anterior 12 projections. It is seen that the two-
view results are much more faithful to the original object.
The defect in Ring 3A is clearly seen in the slice at 4.2
cm. The 5-mm photopenic gaps between rings are ob-
served in the slice at 2.5 cm, which was close to the
camera in the lateral view, but not in the slice at 9.5 cm,
which was farther away. In this case the phantom was
perfectly aligned for the one-view data acquisition. Al-
though it is not readily apparent from the figure, the
defect in Ring 3A can be detected at the correct location
in the one-view images with a circumferential plot.
Likewise not apparent is that Ring 4 in the two-view
images shows up a nonuniformity artifact in the cir-
cumferential plots for planes slicing the z axis, due at
least partly to the unavoidable attenuation of the
plastic.

Two views for cases approaching the clinical situation.
Au-rings simulations. The results of the reconstructions
from the noiseless simulated data for the Au-rings object
are shown in Table 3. We find that the addition of at-
tenuation to the simulation worsens the magnitude of the
nonuniformity in Ring 4 to the point where it must be
called an artifact. As a function of the type of data and
of the reconstruction parameters, the table lists the ac-
curacy measures for the total volume, for the defect slice,
and for the Ring 4 slice, as well as the contrast of the
defect compared with the contrast of the artifact. Here
circumferential-plot contrast is defined as the strength
at the given angle divided by the maximum strength.

It is seen that attenuated data, compared with perfect
nonattenuated data (Run 80 compared with 79), worsen
all accuracy measures and introduce an artifactual
contrast at 180° equal to 40%. Attempts at attenuation
correction did not succeed in attaining the quality of the
reconstruction with the perfect data in any case. The

TABLE 2. ACCURACY MEASURE FOR
COMPUTER-SIMULATED, NOISELESS,
ATTENUATION-FREE SPHERICAL SHELL WITH
HALF-STRENGTH DEFECT

Number Run Accuracy measure, A
of views No. Total volume Defect slice
2 46 0.21 0.14
0.89 0.47

1 47
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FIG. 5. Comparison of 2-view reconstruction with 1-view reconstruction for experimental data from Au-rings phantom. Imaging geometry
is as shown in Fig. 3. Values listed are distances of slices from camera face in lateral position. Geometric distortion of 1-view reconstruction

is clear. White arrow points to quadrant defect in Ring 3A.

total-accuracy measure, which measures absolute
agreement, gradually worsens as the backprojection
weights change from proportional to T to inversely
proportional to T. Of perhaps more importance, the best
contrast for the artifact is 72% instead of 100% with T,
1/T correction, but the defect contrast is 50% instead of
0%. Attenuation compensation produces a nearly perfect
defect contrast of 2%, but the artifact contrast worsens
to 48%.

Individual half-ellipsoidal-shell simulations. The
results of the two-view reconstructions from the simu-
lated data for a half-ellipsoidal shell are given in Table
4 and Fig. 6. The shell contains a defect and is angulated
40° lateral and 40° inferior. The first two entries of the

table (Run 74 compared with 75) show that the addition
of 10% Gaussian noise has a rather small effect; the
total-volume accuracy measure worsens only from 0.62
to 0.63 and the contrasts are very similar.

The circumferential plot for a slice located between
apex and defect for Run 74 is shown in Fig. 6 and labeled
*26° slant angle.” Here the data have been normalized
so that the mean value is 100. The correct shape for this
plane is then the straight line at this value. The dip seen
from 170-360° is near the angular location of the true
defect, 270-360°. The lack of uniformity is improved,
as seen in the dashed line, by simulating a new data set
taken with a 45° slant angle collimator (Run 91 of Table
4) The standard deviation of the circumferential plot

TABLE 3. ACCURACY OF RESULTS FOR SIMULATED AU-RINGS PHANTOM WITH DEFECT;
COLLIMATOR SLANT ANGLE = 26°

* Wt. imp = weighted impedance.

= transmission.

Attenuated Attenuation Initial Run Accuracy measure, A Artifact Contrast in %
data? correction? estimate No. Total Defect Ring 4 location Defect Artifact
No No Impedance 79 0.79 0.79 0.66 None 6 74
Yes No Impedance 80 0.97 0.97 0.96 180° 12 40
Yes T, T Zero 90 1.17 1.06 1.02 180° 53 24
Yes T, 1 Zero 85 1.38 1.16 1.22 180° 58 60
Yes T, 1 Wt. imp.* 87 1.38 1.16 1.07 180° 66 60
Yes T, VT Zero 92 1.67 1.31 1.13 0°,180° 58 72
Yes T, 1T Zero 86 243 1.62 1.26 0° 56 64
Yes T, UT Impedance 89 2.43 1.62 1.26 0° 50 72
Yes T, UT Wt. Imp. 88 2.38 1.62 1.25 0° 58 64
Yes Compensation  Impedance  80/Comp — — — 0°, 180° 2 48

T Entry before comma indicates weighting used in forward projection, and that after comma weighting in back projection. T
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TABLE 4. ACCURACY OF RESULTS FOR SIMULATED HALF-ELLIPSOIDAL SHELL WITH DEFECT;
ANGULATION IS 40° LATERAL AND 40° INFERIOR
Total
Attenuated Attenuation Slant Noise Run accuracy Artifact Contrast in %
data? correction? angle added? No. measure, A location Defect  Artifact

No No 26° No 0.62 Apical plane 18 68
315°

No No 26° 10% 0.63 Apical plane 18 66
315°

No No 45° No 0.61 Apical plane 20 80
315°

Yes No 45° No 91/R2 0.94 Basal plane 22 44
90°

Yes T, VT 45° No 1.57 Basal plane 48 72
180°

Yes T, T 45° No 2.28 Basal plane 38 56
270°

Yes Compensation 45° 10% 107 — Basal plane 16 64
180°

drops from 11.9 to 5.9 with the increase in slant angle.
The use of a 45° slant angle is, therefore, assumed for
the remaining simulations of the paper (run numbers
>90).

Table 4 shows that the inclusion of attenuation in the
simulated data causes the accuracy of the reconstruction
to decrease for the half-ellipsoidal shell, as it did for the
Au rings. The accuracy measure worsens from 0.61 to
0.94 (Run 91 compared with 91/R2). Attempts at at-
tenuation correction are again generally unsuccessful for
this object; compensation and T, 1/+/T correction do a
better job than T, 1/T correction.

Differences between half-ellipsoidal-shell simula-
tions. Since attenuation correction is unable to produce
an artifact-free result for either object tested, we turn our
attention to the question of whether a defect can be de-
tected by differencing two images (one with and one
without a defect). The following comparisons of recon-
structions are carried out for data with noise, attenua-
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FIG. 6. Circumferential plots for slice through rerotated results for
half-ellipsoidal shell at level between apex and defect plane. An-
gulation of long axis is 40° left and 40° inferior. There is no noise,
no attenuation, and no attenuation correction. Increasing collimator
slant angle improves uniformity toward straight line that is ideal for
this slice.
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tion, and attenuation compensation. (We note that the
addition of the 10% noise has very little effect.) The re-
sults are that the circumferential plots are quite similar
in the slices without defects and are dissimilar only in the
correct angular range in the slices through the defect
region. These results are partially shown in Fig. 7, which
gives the circumferential plots for the central defect-
region slice and a basal slice. Although not shown, the
plots are also quite similar if the angulation is 20° lateral
and 40° inferior for both data sets.

Figure 8 shows the limitations of the results when a
particular reconstruction is used as the normal and is
compared with a reconstruction from a ventricle with a
different angulation. Here circumferential plots for the
same slice are compared when both data sets do not
contain a defect, and when both are angled 40° inferior
but one is angled 20° lateral while the other is 40° lat-
eral. The slice shown in the figure is the one that contains
the worst discrepancies. The differences indicate the
possibility of false positives when looking for defects by
comparison of circumferential plots.

For the case of attenuated data, we note without proof
that results without attenuation correction are generally
less successful in specifically detecting a defect by the
difference method than are results with compensation
correction.

Angled left-ventricle phantom. Figures 9 and 10 show
slices through rerotated data for the angled ventricle
phantom with and without a defect. In Fig. 9 the slices
are parallel to the long axis of the ventricle. The defect
can readily be observed and the rest of the shell is mostly
unperturbed. These features are shown again in Fig. 10,
where the slices are parallel to the short axis of the ven-
tricle; in addition, circumferential plots of the defect slice
and an apical slice are shown. The true strength of the

THE JOURNAL OF NUCLEAR MEDICINE
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FIG. 7. Circumferential plots for slices through rerotated results
for half-ellipsoidal shell. Angulation is as in Fig. 5. Noise and at-
tenuation are included, and attenuation compensation is applied.
Between defect and no-defect data sets, there is good agreement
in basal slice and there is good dissimilarity over correct angular
range (270° to 360°) in central slice that went through defect re-
gion.

defect (0%) is seen to be not completely recovered, but
the difference between defect and nondefect plots is
good. The images shown are with T, 1 /+/T attenuation
correction, but attenuation compensation produces a
similar result. With T, 1 correction, the difference is
reduced.

The difference, shown in Fig. 10 with the real data,
is smaller than that with the simulated data. This finding
is ascribed to Compton scattering.

DISCUSSION

When considering two views compared with one view,
first of all it is obvious that the two views provide much
better geometrical accuracy. Also it is generally held that
one-view systems must sacrifice looking for apical defects
altogether, whereas the two-view system presented here
appears to have the potential for detecting them. Finally,
one-view systems have their greatest usefulness when
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looking exactly down the long axis of the left ventricle,
in which case the symmetry of the object aids in the de-
tection of defects lying in the plane perpendicular to the
long axis. This geometrical condition is, however, diffi-
cult to obtain in the clinic. The data of this paper do not
indicate any such critical condition for two-view to-
mography.

When considering two-view tomography on its own,
we speculated in Ref. 5 that simulation results from
perfectly consistent data (i.e., data generated by forward
projection of the digitized object rather than by a closed
form expression for the length of a ray through a geo-
metric object) would produce perfectly uniform recon-
structions without increased polar cap activity. This
speculation is not born out by the present results.
Moreover, increasing the slant angle to 45°, in which
case the Fourier volume is completely covered, does not
produce ideal uniformity. We now assign the problem
to the nonuniform sampling of the Fourier volume.

For two views of the spherical shell with a defect but
without attenuation effects, the results are quite ac-
ceptable. However, as the object becomes even less
symmetric and with the inclusion of attenuation, nonu-
niformity becomes bad enough to be called artifact.

The results of attenuation correction are somewhat
disappointing. The accuracy measure employed is sen-
sitive to the absolute equivalence of reconstructed
strengths compared with the object strengths. Good
values for the measure are of interest, but they can occur
at the same time that nonuniformities in certain slices
are large; this result is the case for the T, T correction.
On the other hand, T, 1/4/T and T, 1/T corrections
produce poorer absolute values but the uniformity in the
artifact slice is better. Attenuation compensation is
similarly desirable because it produces a strong defect
that leads to better distinction between defect and arti-
fact. Nevertheless, with the correction methods tried, it
is not possible to get artifact-free results.
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FIG. 8. Worst-case slice difference in circumferential plots for
normal (no defect) ellipsoidal shell at two angulations differing by
20°. (Other parameters are as in Fig. 7.)
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However, it is possible to detect a defect by compari-
son of the circumferential plot results with and without
a defect. Therefore, the 2-view technique is probably
most appropriate for studies involving stress followed by
redistribution on a single patient using thallium. There
is also fairly good capability for establishing a set of
normal results, since reconstructions are fairly insensitive
to the angulation of the ventricle, at least to the extent
tested.

CONCLUSIONS

For a limited-angular-range collimator, it has been
shown that two-view tomography does a much better job
of correctly imaging a left-ventricle model as a whole
than does one-view tomography. It has also been shown
that in imaging defects on which one-view tomography
does its best job, the two-view system does not do a
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FIG. 9. Reconstructions from two sets of
experimental angled left-ventricle-phantom
data that differ by addition of a 5-ml defect,
as shown in sketch at left. Imaging geom-
etry is as shown in Fig. 4. Reconstruction
is with T, 1/4/T attenuation correction.
Slices presented in this figure are parallel
to long axis, 2.2 mm thick, separated by
1.1 cm, and located as shown. ‘“Horn"’ ar-
tifact in Slice A is atypical of simulation or
similar phantom measurements. It is
probably due to projection of some of data
off edge of camera in lateral view.

completely satisfactory job when attenuation is included,
presumably because of nonuniform sampling. In this
case, however, it is possible to detect defects with two
views by establishing a normal result and looking for
variations from this result. Moreover, two-view recon-
structions do not appear to be sensitive to the angulation
of the long axis of the ventricle, whereas it is known that
one-view reconstructions are. It remains to be shown how
severe the effects of attenuation variations and back-
ground are in the clinical situation and how insensitive
the difference method is to the range of ventricle angu-
lations possible.
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FIG. 10. Slices perpendicular to long axis of rerotated results at depths indicated by E, F, and G in Fig. 9. Slices are 6.6 mm thick for
nondefect planes and 8.8 mm thick for plane centered on defect. In circumferential plots there is large difference at location of defect

in plane F, but only small difference elsewhere.
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