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The techniques of emission-computed tomography have been used to obtain in vivo
quantitative estimates of the three-dimensional distribution of gamma-emitting radio-

nuclides in dog hearts. Conjugate views, obtained for 60 equiangular projections
around 360Â°by rotating the object in front of a gamma camera, were used to recon

struct multiple-level emission transaxial images for various test objects, and for dogs
with surgically induced acute myocardial infarcts. Corrections for attenuation were
performed in the backprojection step of the convolution algorithm used for reconstruc
tion. Quantitative estimates of the spatial extent and concentration of activity were
obtained to within 10-15% rms error. Correlations were obtained between the radion-

uclide and histopathologic estimates of the extent and location of infarction.

J NucÃ­Med 20: 50-56, 1979

The techniques of computerized transaxial im- on convolution with a filter function, have since
aging can be used to obtain an in vivo quantitative been developed and applied to obtain quantitative
estimate of the distribution of radionuclides in three or semi-quantitative estimates of single-gamma or
dimensions, thereby overcoming superposition positron-emitting radionuclides (2,J). Either gamma
problems inherent in conventional two-dimensional cameras (4-6), or arrays of Nal(Tl) crystals with
projection images. KÃ¼hland Edwards (1) were the lead collimation (7), or multicrystal positron cam-
first to demonstrate transaxial reconstruction of eras based on electronic collimation (8-11) are used
gamma-emitting radionuclides in 1963 by using sim- in these studies. The quantitative aspects of results
pie backprojection of profile data collected at mul- obtained with single-gamma emitters have been
tiple angles with a rectilinear scanner. Several re- questioned by several investigators because of a)
construction algorithms, either iterative or based variation of resolution (line spread function) and

sensitivity as a function of distance from the colli-mator, and b) lack of an accurate method to correct

Received May 4, 1978: revision accepted Aug. 1!, 1978. for attenuation of the radiation by the tissues (12,

W>. We have developed a procedure for minimizing
Way, Suite 932, Marinadel Rey, Ã‡A90291. the variation of sensitivity and resolution with
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depth and for making corrections for attenuation in
a reconstruction scheme using a filtered backpro-
jection technique. Multiple-level transaxial images
of single-gamma emitters were obtained with this
technique from various test objects and from dogs
in which acute myocardial infarcts (AMI) were
surgically induced. This method has produced
quantitative transaxial emission images (rms uncer
tainty of about 10%) for single-gamma emitters.
This paper briefly describes the reconstruction pro
cedure and results obtained with the test objects
and seven dogs (six with AMI, one control) using
an i.v. injection of Tc-99m-pyrophosphate (PPi). A
large-field-of-view gamma camera with a low-en
ergy, all-purpose, parallel-hole collimator was used
for all of these studies, and for the animal studies
a prototype cylindrical x-ray tomographic scanner
(14) was used to determine attenuation coefficients
for the attenuation-correction method.

Reconstruction procedure. Emission profile data
were collected at multiple angles of view by rotating
the object in front of the gamma camera. The im
ages obtained therefrom were digitized on a 64 by
64 grid with 7-mm spacing between pixels, thus
affording up to 64 adjacent levels for transaxial re
construction. The following procedure was adopted
to minimize the variation of line spread function
and sensitivity with depth, and to correct for atten
uation of photons by the tissues.

Variation of line spread function and sensitivity
with depth. The line spread functions for the present
camera and collimator assembly were measured as
a function of distance from the collimator, both in
air and water and are presented in Fig. 1. Following
the lead of Kay and Keys (/5), we have used the

LSF FOR 3mm SOURCE OF "Tc

FIG. 1. Variation of line spread function with distance
from collimator, in air and water. (Source 3 mm in diam., Tc-
99m.) At right are also line spread functions as arithmetic
means of conjugate depth data for a 20-cm water-filled ob
ject. Note that these conjugate functions are approximately
uniform, with full width at half maximum of 1.4 cm.

COMPUTED TOMOGRAPH/G RECONSTRUCTION
OF 99mTC ACTIVITY IN TEST OBJECT

(Convolution Reconstruction)

Uncorrected
Reconstruction

Attenuation Corrected
Reconstruction

Projection Image
at e -- 0Â°

Projection Image
at 6 - 180Â°

FIG. 2. Top: reconstructions of test object 20 cm in di
ameter filled with water containing 1 Â¿iCi/ccTc-99m back
ground activity, three cylinders with diameters 0.95, 1.90,
and 3.20 cm filled with 10 Â¿iCi/ccof Tc-99m (hot spots), and
one 3.20-cm cylinder containing only water (cold spot). Re
constructions are without and with attenuation correction,
performed in a 63 by 63 grid with 7 mm by 7 mm pixel size.
Bottom: projection images of these objects at 0Â°and 180Â°.
Effect of attenuation is evidenced by diminished brightness
of largest cylindrical hot spot in 180Â°view.

arithmetic mean of counts recorded along conjugate
viewsâ€”i.e., summing data recorded 180Â°apartâ€”to

minimize the variations in the line spread function.
As indicated in Fig. 1, a uniform line spread func
tion of 1.4 cm (nonuniformities less than 10%) is
obtained for the arithmetic mean of conjugate views
using a line source in 20 cm of water. A uniform
line spread function can also be obtained by forming
the geometric mean of conjugate views, and several
investigators have reported such results (5,16-18).

The solid angle for collecting the emitted radia
tion is proportional, approximately, to the inverse
square of the distance from the emitting source to
the crystal (1/r2), whereas the area a given colli
mator element can "see" on a distant sheet source
varies as the square of the distance (r2). Therefore,

if we define the sensitivity as the product of the
solid angle and the amount of activity viewed, the
two terms compensate each other as long as there
is no attenuation and there is uniform activity
within each volume element defined along the field
of view. The variation of sensitivity with distance
in air is therefore negligible in this context. This
argument is supported by an inspection of the area
under the line spread functions recorded in air (Fig.
1), which is observed to remain constant (within
5%) with depth.

Evaluation of attenuation-corrected reconstruction

technique with test objects (see appendix). Conjugate
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SPATIAL AND CONTRAST RESOLUTION

IN EMISSION RECONSTRUCTION IMAGES

Effect of Background Activity
(Ratio "Hot Spot": Background)

FIG. 3. Attenuation-corrected reconstructions of 20-cm-
diameter test object containing rows of cylinders 0.95 and
1.90 cm in diameter, and one 4.30-cm cylinder. All contained
water with 10 ^.Ci/cc of Tc-99m; surrounding background
water contained 2, 1, and 0.67 Â¿iCi/ccas the ratios indicate.
At bottom right is section lying above background tank. Re
constructions are on 63 by 63 grid with 7 mm by 7 mm pixel
size.

views were obtained by rotating the object in front
of the gamma camera in 6Â°steps around 360Â°and

were used to perform reconstructions on a 63 by 63
grid. About 108-l07 total counts were used to form

each of the transaxial images for test objects. Figure
2 shows reconstructions without and with attenua
tion correction for a 20-cm-diameter cylinder filled

with water. It contained 1 /^Ci/cc of Tc-99m as
background activity; hot spots were provided by
cylinders 0.95, 1.9, and 3.2 cm in diameter contain
ing 10 /Â¿Ci/ce,and a cold spot by a 3.2-cm cylinder
containing only water. Reconstructions were also
performed for a different 20-cm test object that con
sisted of rows of cylinders 0.95 and 1.9 cm in di
ameter and another cylinder 4.3 cm in diameter. All
the cylinders were filled with water containing 10
/Â¿Ci/ceof Tc-99m, while activity was used in the
background to provide uptake to background ratios
of 5: 1, 10: 1, and 15:1. The images obtained are
shown in Figure 3. Attenuation correction has been
performed in these objects using a constant value
for u. (0.15 cm"1 at 140 keV). Shown in Fig. 4 are

reconstructions, without and with attenuation cor
rection, of a 20-cm plexiglass cylinder (pt = 0.18
cm"1) in which holes 2 mm in diameter have been

drilled and are spaced 2, 3, 4, and 5 cm apart across
four diameters. The following conclusions can be
drawn from these test-objects studies.

1. The system's response functionâ€”measured in

terms of the line spread function in the recon
structed imagesâ€”is uniform (nonuniformities
â€”10%) throughout the cross section and has a full
width at half maximum (FWHM) of -1.8 cm

(Fig. 4).
2. The reconstructed activity values are inde

pendent of position within an rms error of 10%.
That the variation of sensitivity with depth is neg-
legible (where sensitivity is defined in geometric
terms alone, excluding attenuation) is demonstrated
by the lower right image of Fig. 3, which represents
the reconstruction of a level at which background
is absent. No attenuation correction was required

SPATIAL AND CONTRAST RESOLUTION IN
EMISSION RECONSTRUCTION IMAGES

Optimization by Use of Conjugate Views
and Attenuation Correction

JA' B'

Uncorrected Corrected

Reconstructed Image

'Line Sources
of 99">Tc

Activity

Direct View
at 15cm

FIG. 4. Attenuation-corrected and
uncorrected reconstructions obtainedfrom 20-cm diameter plexiglass "star"
phantom with 2-mm holes drilled
across four diameters and spaced 2,
3, 4, and 5 cm apart. Holes were filled
with equal amounts of Tc-99m. Top
row shows uncorrected reconstruc
tion, attenuation-corrected recon
struction, top-view image, and plan
drawing of phantom. Below are activ
ity profiles along axis with 3-cm sep
arations, showing uniformity of resol
ution and intensity obtained
throughout reconstructed cross section. "Dip" due to attenuation is seen

in uncorrected image, and in profile at
left.
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since, at this level, the cylinders containing activity
protruded above the background water. The recon
structed activity within cylinders of equal size is
independent of their location. As demonstrated in
all other reconstructed images shown in Figs. 3 and
4, reconstructed activity is independent of depth in
the attenuating medium when the attenuation-cor

rection technique is applied.
3. The size of a reconstructed element of activity

depends on the true size and the system's response

function, which is 1.8 cm in the reconstructed im
ages for the present imaging system. To a first ap
proximation, the reconstructed FWHM of an object
containing activity is the result of a quadrature sum
mation of the FWHM of the system's response

function and the actual size of the object. From
Figs. 2 and 3, cylinders of diameters 4.5, 3.2, 1.9,
and 0.95 cm were reconstructed giving FWHM
sizes of 4.62, 3.5, 2.6, and 2.1 cm, respectively.
Quadrature subtraction of the system's response

function yielded 4.25, 3.00, 1.88, and 1.08 cm, re
spectively, for the estimated true sizes. The average
rms error in this computation was about 10%, with
the smallest objects' size being reconstructed with

greater uncertainly.
4. The computed values of the uptake exhibit a

size-dependent effect, as is apparent from Figs. 2
and 3. For objects of diameter 4.3 cm or larger (i.e.,
roughly 2.5 times the system's response function),

the reconstructed activity concentration varies lin
early as a function of the true value. For objects
smaller than 4.3 cm, the reconstructed activity val
ues were found to vary in a nonlinear but monotonie
and reproducible manner with the true activity.
Since the true size of an activity distribution can be
determined accurately, the absolute value of the
activity concentration can be obtained, if desired,
from a "look-up" table that relates size to true

uptake (79).
Myocardial infarcÃ¬studies in dogs. Conventionally

two-dimensional PPi scintigrams with at most four
angles of view, are used for acute myocardial in
farction studies. It is very difficult, however, to
obtain quantitative estimates of the location and
extent of infarction from projection images, since
superimposed activity from the bones is difficult to
subtract accurately and the infarcted region can
have a high degree of asymmetry in any direction.
We have used computerized transaxial reconstruc
tion techniques to obtain quantitative estimates of
surgically-induced acute myocardial infarcts in
dogs. The proximal left anterior descending coro
nary artery was ligated in five dogs, the left circum
flex artery in one dog, and a sham operation was
used in a seventh dog as a control. About 24 hr
postligation the dogs were injected intravenously

with approximately 30 mCi of PPi. Two hours were
allowed for the blood pool to clear; then the dogs
were killed and rotated in an erect position in front
of a prototype cylindrical x-ray computed tomo-
graphic scanner (14). From this, multiple parallel
transaxial levels of x-ray attenuation coefficients
over the entire thorax of each dog were recon
structed for 120-kVp x-rays (mean energy = 73 keV
(20)). Maps of attenuation coefficients at 140 keV
were obtained by linear extrapolation of these val
ues. With this procedure the attenuation coeffi
cients for most biologic tissues can be obtained to
an rms error of 10- 15%, and the resulting data were
used to correct the emission images for attenuation.
Reported values of attenuation coefficients for biol
ogic substances over the range 18-136 keV (21)
support the basic assumption. The dogs were then
scanned in the same upright position, using the
gamma camera, in steps of 6Â°around 360Â°.Vertical

levels of the emission and transmission images were
aligned by using radioactive markers and lead
beads, respectively, and the resulting images were
subsequently registered to achieve superposition.
Data were collected for about 100- 150 sec at each
angle of view. Since 6-8 hr elapsed between ad
ministration of the activity and commencement of
scanning, the counting rate obtained was equivalent
to that obtainable if 15 mCi of activity had been
administered.

A set of emission and transmission images at

COMPUTED TOMOGRAPHIC IMAGING OF
DISTRIBUTION OF 99m TC - PYROPHOSPHATE

(Dog #/, 12kg, Ligalion of LAD Coronary Artery)

Transmission
X-Roy

Images

Ape*
Transmission

X-Ray
Images

Emission
Images

FIG. 5. Eight corresponding emission and transmission
reconstructed levels through thorax of dog with infarct (lig-
ation of the left anterior descending artery). X-ray transmis
sion images at the left show structure; emission transaxial
images at right are corrected for attenuation using values
from transmission image. Sections 14 mm thick, spacing 7
mm (overlapping), extending from base to apex of heart.
Note location and extent of Tc-99m PPi uptake into the in
farcÃ¬,as well as into ribs, sternum, and spine.
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multiple corresponding levels is shown in Fig. 5 for
a dog with a large infarct. Approximately 25 over
lapping slices of 1.4 cm thickness, spaced 0.7 cm
apart and thus covering about 17 cm axial extent of
the thorax, were computed for emitted photons,
and 25 corresponding 0.7-cm slices were computed
for transmitted x-rays. The eight levels containing
the heart are shown in Fig. 5. For dogs used in this
study, counts in profile data at any angle of view
occupied less than 32 of the 64 pixels across which
digitization was performed. A linear interpolation
of the profile data was performed to increase the
sampling frequency by a factor of two, and recon
structions were obtained on a 63 by 63 grid with a
pixel size of 3.5 x 3.5 mm. Compared with images
obtained on 7- by 7-mm pixels without interpola
tion, this procedure produced images with a
smoother texture, afforded greater accuracy for
matching the emission and transmission images and
carrying out the attenuation correction procedure,
and did not degrade resolution or increase noise.
The total counts per level in the emission images
was about 3 million, and typically the boundary of
the dog contained 2000 pixels. Thus the rms uncer
tainty is expected to be about 19% (22). However,
as pointed out by Budinger (23), the activity is not
distributed uniformly but is concentrated in small
portions of the image. The rms uncertainty, there
fore, may be lower by about a factor of three in a
practical imaging situation.

Uptake in the infarcted region, sternum, ribs, and
the backbone is clearly visualized in the emission
images, while the transmission images show the
epicardial surface, the pleural surface of the lungs,
the esophagus, and the airway. No uptake in the
myocardium was seen in the control dog. A rather
dramatic demonstration of the potential of transax-
ial images is shown by the images of a dog with a
small (approximately 2- 3 g) inferior infarct pro
duced by ligation of the left circumflex coronary
artery. This infarct could not be distinguished from
the surrounding structures in any of the projection
images, examples of which are shown in Fig. 6,
whereas it is clearly shown in the reconstructed
images. The infarcted regions were outlined by
thresholding at 50% level (FWHM) to determine
edges. To a first approximation, the outline defined
an ellipse at each transaxial level. Quantitative es
timates of the size were then obtained by a quad
rature subtraction of the system's response func

tion, as discussed in the section dealing with test-
object studies.

Histopathologic procedures. Pathologic and his
tologie estimates of the infarcted region were ob
tained in the following way.

The ventricles were cut into five or more trans

verse slices, perpendicular to the long axis of the
heart, so that each segment contained portions of
the right and left ventricular free walls and the in-
terventricular septum. Each slice was approxi
mately 1- 1.5 cm in thickness. They were stained
for dehydrogenase activity (24), divided into 16 sub-
units (segments) (25,26), and the relative proportion
of grossly visible intrasegmental damage estimated
by visual inspection as judged by the absence of
tetrazolium staining and the presence of gross dis
coloration of the cut myocardial surface.

Paraffin sections were prepared from the middle
third of all slices demonstrating grossly injured
myocardium, or containing significant radioactiv
ity, or forming a boundary of such segments. These
were stained by the hematoxylin and eosin and the
PAS methods, and the proportion of myocardial
injury was estimated by light microscopy.

The weight of myocardial injury within each seg
ment was computed as the estimated percentage of
injury of the segment (gross or microscopic) mul
tiplied by segment weight. The total weight of my
ocardial injury was computed as the sum of the
segmental estimates. In Fig. 7 the estimated mass
of the infarcted region (as determined from the vol
ume of the region outlined by PPi activity in the
reconstructed images) is plotted against the micro
scopic estimations of myocardial injury. A linear
regression analysis shows a high correlation (r2 =

0.99) between the two quantities.

COMPARISON OF GAMMA CAMERA PROJECTION IMAGES

AND RECONSTRUCTED TRANSAXIAL IMAGES OF
DISTRIBUTION OF 39mTC-PYROPHOSPHATE

(Infarct Produced by Ligation of

Left Circumflex Coronary Artery)

Projection Images
Reconstructed

Transatta!
Images

FIG. 6. Comparison between conventional scmtiphotos
and reconstructed Â¡magesof Tc-99m PPi in thorax of dog
with small myocardial infarct (ligation of the left circumflex
coronary artery). Emission computed tomography provides
potential increase in diagnostic sensitivity: gamma-camera
images at left do not show this small inferior infarct, but
reconstructed images calculated from 60 such projections
clearly show uptake of PPi in infarcÃ¬in the four levels shown
at right. Subsequent examination by PAS staining tech
niques confirmed presence of small (~2-g) infarct.
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COMPARISON OF ESTIMATES OF MASS OF INJURED
MYOCARDIUM USING 99m TC - PYROPHOSPHATE

EMISSION COMPUTED TOMOGRAPHY AND
HISTOLÃ“GICA!. STAINING TECHNIQUES

( 7 Dogs, IZ-to- 15 kg)

i" *

y - 1.4 7x 4- 0.74

' O IO 20

HISTOLOaiCALLY ESTIMATED MASS, g

FIG. 7. Plot of estimated sizes of infarcted region, as
determined from the uptake of Tc-99m PPi in reconstructed
images, against histological estimates by PAS staining tech
niques. Radionuclide estimates are consistently greater. Lin
ear regression analysis shows high correlation (r2 = 0.99)
between the two determinations. Data point for animal in
farcted by ligation of left circumflex coronary is shown as
open circle.

Poliner et al. (27) obtained a significant correla
tion between the histologically-determined infarcÃ¬
weight and area of PPi uptake as determined from
the scintigraphic projection view with the largest
measured infarcÃ¬area. Their technique, however,
ignores the three-dimensional nature of infarction
and is therefore expected to be relatively inaccur
ateâ€”particularly for nontransmural or subendocar-
dial infarcts. In an attempt to overcome this prob
lem, Lewis et al. (28) developed a simple technique
for three-dimensional sizing using two orthogonal
views and obtained good correlation between a his
tologie estimate of infarcÃ¬mass and infarcÃ¬volume
predicted from their model. No allempl was made
to compule Ihe infarcÃ¬mass direclly from the pre
dicted volume. A simple conversion of their data
from volume to mass as predicled by the PPi scan
indicates a significant overestimation of infarcÃ¬
mass. Siemers el al. (29) report a poor correlation
for the linear relationship belween Ihe volume de-
linealed by the PPi aclivily (as delermined by im
aging cross-sectional slices of excised dog hearts)
and the volume calculated by hislochemical sludy.
The volume by radionuclide scan was, on the av
erage, 2.8 times thai oblained hislologically in their
measuremenl.

Our resulls indicate a good correlalion belween
Ihe radionuclide-eslimaled volume and Ihe hislolog-

ically-eslimaled volume of Ihe injury. They also
indicate lhat the radionuclide estimated sizes are
consistency greater lhan Ihe hislologically esti
mated sizes.

APPENDIX

Attenuation-correction technique. Photons originating from
each volume element of the body are attenuated by tissues
interposed between the origin and the boundary. It is necessary,
therefore, to make corrections for this effect in order to obtain
quantitative results. Budinger and Gullberg (3) have outlined
eight methods for attenuation correction. We have developed a
different technique for use with a convolution reconstruction
algorithm in which the contribution received by each pixel is
appropriately weighted in the back-projection step to compen
sate for attenuation. Mathematically the procedure can be ex
plained in the following way.

Let
AÃŒ = activity contained in the ith volume ele

ment of the object;
pk-* = profile dataâ€”i.e., sum of activity meas

ured along the Ath ray at angle of view 6:
fik-* = fractional volume of the ith element that

is contained within the Aih ray:
Mi = the attenuation coefficient for the ith ele

ment corresponding to the energy of the
emitted photon;

likl* = length of that portion of the &th ray that

is contained within the /th element; the
attenuation suffered by the klh ray while
traversing the ith element is therefore

-il ni"] = attenuation factor for radiation originating
from the ith element; the index j denotes
elements lying along the klh ray between
the /'th element and the boundary of the

object nearest the detector.
Therefore.

- [Â£
i

(l)

where f means "is an element of the set of points.

Similary, for the conjugate view we have

where the subscript r denotes conjugate views.
The arithmetic mean of the counts recorded along channel k

at each angle of view 6 is therefore given by the following
expression:

(3)

where the factor of 2 can be dropped, since it appears in all the
profiles.

Normally all P*'*are convolved with a filter function and back-

projected to obtain a transaxial image. In our scheme, the profile
data are also convolved in a normal way using the Ramchandran-
Lakshminarayanan kernel (30). However, in the backprojection
step the contribution received by each pixel is weighted by a
factor that is the reciprocal of the attenuation factor in Eq. 3â€”
i.e., by

{[Â«p- Å’
j

- Å’
J
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This procedure is carried out for every pixel in each projec
tion. The map of attenuation coefficients required for this pro
cedure was either known (in the case of test objects with known
composition) or obtained from a separate x-ray transmission CT
scan.
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