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Summary

A oumber of existing cameras for Nuelear Medicine
imagfng of radio-isotope distributions give depth
information about the distribution. These devices have
in common that thev p: .wide tomographic images of the
object, that is, that images of a given object plane
have that plane in focus and all other object planes
contribute an out-of-focus background superimposed on
the in-focus image.

We present here a methad for three dimensional
reconstruction of these axial tomographic images which
removes the biurred off-plane activity from a number of
transverse planes simultaneously. The wethod is
applicable te a number of tomographic cameras, such as
the multiple single-pinhole camera, the rotating
slanted-hole collimator, the Anger foeussing tomographic
scanner, and the positron camera., The method can be
implemented on a amall computer having a disc system.

Introduction

A number of cameras for Nuclear Medicine imaging
have been built in the recent past which provide depth
information about radio-isotope distributions instead
of the simple projected views produced by pinhole
collimators. These devices gave images which were, In
principle, similar to the tomographic Images given by a
microscope~ any given plane was in focus while the
out-of-focus planes gave only a smoothed-nut background.
Tn microscaepy, object contrast and resolution are hiph
and the out-of-focus backpround is not disturbing. 1In
Nuclear Medicine imaging with its low resalution and
its frequently low contrast objects it is often not
possible te dist{upuish the in-focus plane from the
out-pf-focus imapes. Removal of the background would
enable detection of smaller lesions and of lesions of
lower contrast.

The method of three dimensional imaging we present
here removes this blurred background from a number of
parallel planes thrcugh the object simultaneously, It
is applicable to a number of existing tomographic
cameras and we discuss three of these cameras below.
Data taken by such a camera provides infcrmation Erom
which a computer can prnduce tomographic images on
transverse planes through the object. Using thesa
tomograms and a knowledpe of the geometric imaging
properties of the device, reconstructions of the
original objeet are made on these planes with a
deconvolution technique_

Forming the Tomographic Images

Imaging devices which give depth information
about a source point require radlation from the point
to be detected from distinctly separate directions, 1In
Nuclear Medicine fmaging devices the direction of each
gamma ray event is known end, 1f separate views of a
source distribution have been made, a tomographic

* This work has been supported by the U.S. Atomic
Energy Commission and by the National Institute of
General Medical Services of the Natfonal Institures
of Heelth, Fellowship #1FO3GM57292-01, and
Grant #GM21017.

L.T. Chang, B. Macdonald, and V, Perez-Mendez

P

Ur Actount of
the LN Sutes l‘-zmgmm. Moo
Ut Energy

07 tepiesens (g, gy

owned righes, use would pur

PINKOLE APERTURE

EMISSION SaURCE

FRojECTIONS
-

Fig, 1 Making the different views with the multiple
single-pinhole camera
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Fig. 2 Multiple Single-Pinhole Camera- Response tr a

point source. The tomographic imapes of the
point are shown as the sum of back projections
of the single~pinhole views.

image on any plane through the sou:zce can be made by
back-projecting the gamma ravs onto that plane.

Multiple Single Pinhole Camera

One such tomographic device uses multiple sinple~
pinhole views (Fig. 1). The depth-information
properties of these multiple viewn is illustrated in
Tig. 2 wliere the source distribution is a single
point. An exposure is made using one pinhole selected
from the array. Tomograpni: images on a number of
planes are made by back projecting photons from this
exposure through the same pinhole and addiag the
appropriate intensity to each tomographic plane at its
intersection with the line, The process la rTepeated
for the other views and the fingl tomographic plane
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image 18 the sum of contributions from all these views.
The plane which actually contained the point sourre
has a sharp image while in other planes the image of
the point source 1g blurred out.

In analyzing image formution it is useful to use
the point response function hgi(xr,z'). This function,
characteristic of the imaging device used, describes
the response at point r in plane j to a polnt source
at poincr’ in plane 1, From Fig., 2 it is seen that
this function, or blurring pattern, for the multiple
single-pinhole camera has a shape similar to the
orlglnal array of pinholes but with a size which
depends upon the geometry. Fig. 3a shows one of the
pinhole arrays used in our work.
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Blurring Patterns - a) For multiple pinhole
array. b) For rotating slanted-hole
collimator with discrete rotations.
rotating slanted-hole collimator with
continuous rotation. d) For positron camera
with data selection.
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Retating Slanted-Hole Collimator Camera-
Hesponse to a point source. The tomographic
images of the point are shown_for two positions
of the collimator, 0° and 180°.

Rotating Slanted-hole Collimator Gamera

Another device used to obtair tomographic images fn
Nuclear Medicine ia the rotating slanted-hole collimator
{Fig. 4). The collimaror rotates sbout an axls
perpendiculsr to the detector and the parallel holes
are slanted at an angle to this axis, generally about
20 degrees. When the collimator is at a given
position the image of a point source is a aingle point
on the detecror, Wheat the collimator has rotated
1809 the image of this point source has traveled on
the arc of a cirele to anoppciite position. As done
previously, tomographic images on a number of
trangverse planes can be made by back projecting the
detector image obtained at a given position of the
collirator along the known direction of tha parallel
holes and then repeating this process for all positions
of the collimator.

In one mode of operation of this camera views are
taken at discrere positions of the collimator and the
blurring patterns have a shape similar to Fig. 3b.1

In another mode the collimator iz rotated contf{nuously
during data collection and the blurring pattern {s a
circle (Fig. 3:).2

/DETECTOR { DETECTOR 2\

[’ M

%,, Y0

Y
hY
N

i i
e —
1
e
Fig. 5 Positron Camera- Response to a poiut source,
The tomographic images of the point are showm

for two positron events.

Positron Camera

Pogitron cameras arve currently under intensive
development because of their ability te give tomo-
graphic fmages without the use of a collimator and
the associated loss of intensfry. The two 511 KeV
annihilation gamma-rays from a positron source radiate
from the source point at 1809 to each other (Fig. 5).
Interactions with two derectors determine,as in the
previous cases, only a line on which the source l{es.
Projection of events detected onto a transverse plane
glves, again, a tomographic f{mage of the source
distribution with that plune in focus and other
blurred and superimposed,

The fraction of detected events from a point source
in” the midplane, say, decrease= considerably aa the point
gource moves away from the center of the plane. Our
three dimensional imsge reconstruction method requires
chat the point reaponse function remains constant in
shape, size, and intensity as the poimt source moves
over the camera field of view on a given plane, although
it may be different for different planes. This blurring
pattern can ke maintained constant over a given area of
g plane if the computer which constructs the tomographic
image planes accepts data only for thoge events for
which [xg-x;} = d and fyz-yq| < & whore d in smaller
than W, the width of vhe detectors. The region of
constant detection efficlency for tho midplame which
results iam a square of width W-d, The blurring pattem
i3 also a square (Fig. 3d).

Object Reconstruction from Tomographlc Tmages

Each tomographic image plane of a rhree
dimensional object has a finite width slab of the
object In focus, The thickness of this slab, the
depth of field of the camera, depends only on geometry
and detector resolution, Of course, included in the
tomographic image, superimposed on the in-focus abject
plene, are the blurred contributions from all the
other planes which we sre trying to eliminate in the
deconvolution method outlined bzlow. The resulting
image of the abject will be a series of images on
adjacent planea, each representing the abject averaged
over the depth of field of tl.z imaging system.
Lateral and depth resolutions after deconvolution are
the same as before. We are only removing the off-
plane contributions and not locking for super-

planes



reanclution,

We assume (n the followiap that the object fa
focated {n ¥p planes and in represented by the
functsons oi{r), I=1,...Np. ¥p tomograms ty(r} are
formed by a computer from camera data using the back
projection nethods discussed previously. Since the
blurring funcelen bij(r,r') represents the sysiem
response at 1 un plane 3 due te a point source of unit
itensity at ¢’ on plane {, the :otnl contribution
from plane | to plane § fa fust [ o (x'Ihypy(x,r')d2r",
“ince the tomographic {mage has contributions frnn
all object planes we have

N
LA ifm(;') heylr,r') 42’ f=1,...8p (1)
&t

Tndrind

Fig. 2 shows that hgy 18 a delta function of
fatens ity Shoand rhe hijlr,r') s Just the pattern h
nf the Ny bhole array used, hut displaced and with a
«ize dependent on peometry. [f mf] (S1-5j)7%1 s the
«jze parameter and the pinholes In h nre located at
pori{tionk rk, k=1,...%p, we have

Siaple Finhole Camera

s1/5¢, miy} tof=l,0..N0 (D)

(- {r'Sy/S1 * o))

bijlr,e') = hic-

Uslng this o &q.

{1) we have
tyte) o Z(\(/\p~ Cap{r"$u/s Y h(e-romyy) 42r”

- Z(:,/spz ag(rS1/5)) * hiz,mij) (3,
i

For a piven value of r, position relative to the
wptic axiy, equation (2) is a aet of Np equations {n
the Np vartables of. The tj's are corbinations of
single pinhole irape data and h(r,mij) depends only
c¢n the pinhole locations in the array and the
placenment af the reconstruction planes.

Taking the Fourler transform of Eq. (2) and wsing
the similarity theotem for Fourter transformy pives

Np (O]

Ny
Ty = Y oglusi/s) Heytw) 9w

where the quantities Ty,n{,Hqj, Fourier transforms of
the corresponding quanticies of Fq.(2}, are functions
of the wpatial frequency y. To elininate the §-
dependence of :)m quantizies Nt we let u = u'/Sy

rita'/sy) = T Bilu'/S1) Heglu'IS3) 1=l .Np (D)

For those (nngular) spacial frnquen:les u' for which
the deterntnant Dlu') ~ |Hy;(u'/S4)1 s hot zero,
3 (5) can he solved for ng(u /S4) and inverse
Fourfer transforms give the desfred backgrounsd-free
images ot(rp).

¥We note it h in £q,3 depends only on the
difference, r-1"”, of respense point and dource point
lacatlons. The more general functional dependence
hyj(r,r') makes the fntepral equation (1) much more
difficult to solwe.

Deterninant - When the determinanc D{u') equals zero
for -ome (angular) spatial freguency u', this component
cannet be deternined for any object plane., Using the
analvtic form of the Fourier transform of the delta-
function pinholes af Eg. 2 we can fuvestigate the
propertles of :he determinant

Ze-l‘hu._k [(s1-84) /51533

Hej(u'/sy) =
LAY 1,i"1,.. .Np (6)

At zero spatial Frequency Hij(o) = Nh and the
SpxNp determinant Do) is identically zero. This
means that our reconstructiaons of(r) are indefinite by
an additfve conseant. This is not a problem if this

is the only zero aince this constant can be deternined
by n substdiary condition, for instance, that of(y}
has no negpative value. The general property, D) =0,
ariges from tho fact that only a projection at 900
«11l give the total iatensity of an object pl.ne. 211
other projections for an object which has, say, *
planes of uniform intensity (oq(x)=fy} give th
value (LT4) and assignment of a given plane’s (n Ay
in not possible.

Because the slope of D(u) 1s also zero st uso,
the determinant has small values near the arigian, for
inatance, at the first harmonic of spatial frequency,
ug. Since the reconstruction Ny (u)) has terms in it
proportional to T{(u1)/D(uy)}, when (u]) 4 small
Ty(uy) oust be corrc pondingly seall so as to give
the correct value for Og{uy). 7 {uy) depends on data
from the camera and therefore has atatistical
fluctuations in it which are mapnified by 1/D(uy),
riving rise to {ncorrect values for M.(uy). These
low frequency fluctuations have not been a problem so
far for up to five~plane reconstructiona but they mav
turn out to be a limftation of the reconstruction
method.

Other zevoes of the detercinant can easily be
avoided by cholce of a suitable pinhole array. The
determinant for various arrays Is shoum f{n Fig. 6 as
a function of (vector) apacial frequency and also
plottod in Fig. 7 as o function of u,. It is seen
that a repularly spaced array has numeroua zeroes in
the frequency plane while other, noneregular arrays
do not have this oroblem,

[

The determinant D(u') of rhe reconstructicn
matrix for three planeas for the multiple
single=pinhole camera, a) For a 3 x 3
regular pinhole array. b) For the pinhole
array af Fig. 2b. ¢) “or the pinhole array
»f Fip. 2a.

0I5C ( POSITRON CAMERA )

~

Fig. 7. Deterninant of the reconstruction matrix as a
function of spatial frequency for different cameras
and blerring pattemns.

Reconstructions - To investigate the reconstruction
method a8 computer simulntion wag made of an Jbject in
three planes (Fig. 8). The tomographic images of
Fir.. 8c were done using the pinhole array of Fig. 3a.
Ic 18 secn that ty, for example, has o3 in focus with
blurred contributions from the other plance. Using
thase images the recons®.uctions of Fip. 8d were
made, in excellent vireement with the original,
However, these tomoprams were produced as {f the
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Fir. 8, Image Reconztruction with sultiple single~
pinhole views~ Computer simulstion sasuming no
statistical variation of cbfect picture zlement
intensities berween visus. ) Projected view of
object as it vould be seen with a parallel-hole
collimator. b) The three dimensional object lozated
tn three planes. c) Torographic {ragen conntructed
uaing nine pinholes with the blurring pattern of
Fig. 2a. d) Reconstruction of the object using the
tonographic fzages t),t3,t3.
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Fig. 9. Imags Reconssruction- Computer wimulation
assunlng 57 statist{cal varfetion of object picture
elpments, 1) Tosographic {cages on the five planes of
a five plane obfece using blurring pattern of Fig. 2a.
b} Reconstructigns of these planes showing a amall
amount of background intvoduced by photon statistics.
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Aetector had collected an infinite number of photons
from cach picture element. A more realistic ~ase is
civen 1n Fig, 9. Mere, an average of 400 countw
total wns assumed to have been collected frim esch
nfcture element of a five~plane object. These 400
countn, however, were distributed statistically acone
the 9 pinhole vievs and the tosograes of Fig.%a wire
then formed. The reconstructions show excellent
anrcerent with the originals but a smpall background
can he scen.

A vidfoactive mource was used with a xenan-f1)1ed
multiwire propartional chasher (4Bcn nquare, Jen
resolutton) and the digizized cacma~cvent coordicates
uere put on sagnetic rape for fnput to the
recenstruction program. The objoct, a circlo, croms,
and trisngle, was located on threr planev, S)al0ce,
52e25cm, S3»30cm., Dotector to pinhole array distance
was J9cm, The pinhole array of Fig. Jb {(Gem holes
9em diamater) vas used so an to waxisfze deprh
resolution for a given ficld of view. Thu tomoprars
and their reconstructionsare shown In Fig. 10,
Because of the high objeei contrast, rat wsuslly the
case in Nuclear Medicline, the nature of the objects
can be inferred fron the torograms alone. The
veconstruction method, hovercr, haw clearly aucceus~
fully renoved artifacts and backpround from che
tomograna .

e 0
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Fip. 10, Torograms {ty,t2,63) and thelr veconntructioawn
(u‘,oz,o]) using a4 wire proportfonal charber and the
pinhale, array of Fig. 2a.

The Rotating Slanted-fole Collfmator

For this camera, and also for the positror
canera, the point response functfon has the farm
{analogous to £q. 2}

= h{r-g'y mgy) on

heylz.x")
whore the size pavasctar Eg{ = (5,-5)) tan 1, and 4
15 the angle the slanted holex make with the
collimator’ns axis of rotntion. Tha ahsence of the
coefficient S3/51 which culeipites ¥ in the
rutciple pinhole caso makes the reconatruction
equationt (analogous ro Eq. 5} much stepler -

N
Tyl = 0g(u) Hyylu)
JaL? gl- 13lu

We note thera are no scale changes required here.
When this cauera i operaled in the continuously

rotating mode the blur pattern fs an annulus (Fig.3e)

and Wy deprnds on the magnitude of spatfal frequency,

u, and not on i3 vector compoients. Hyj{u} is n

matrix symmetric in the indicen ? and j.

In this mode we have

Hey (v) = .Y,,(m”u) <9)

sul,...Np 8)

where J, is the Begael function of order reo. The
daterminant of this matrix for four regularly space
planes in shown in Fig, 7.
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The Positren Comera

An dincusned before, datn fron the pesitron
cazera nhould be taken with sorco maximum allowable
d{fference {n the coordinate valuer, d = max{ [ xy-x9| )
« max{ jeg-wal) (Fig, 5). then this s done, (n each
plane which is sufficlently neay the midplane there §a
an aren vhere point sources are devecred with constant
eiftctency. The patnt reaponse function {s then given
by Eq. T wheee tan o I ey is df{charher sceparation).
e equal fons governing tomogran formation are the
snce as Kqu. (8) and the reconstructed abject's
Fourter transform in given by

Na
DY Y (O3 Y0 k=1, 8y 10)
ot

vhere the NpxNp catrix G(u) {8 the fnverse of H{u)
evaluated at the spatial frequency u.

1f the point respange function is evaluated for
wrall anglen «(neslecting molid angle cffects) we have

iHyytn) [nin(n”\u)/(n“u;)][nxn(n(}usp}/(n“uy)]
s

atl gy e =(Sg=Syltan x. A praph of the determinant
{#11(us| ts piven In Fig. 10a and shows the familiar
property »f being zero at u=0. The deterninant for
the popitron casera, however, is the only ane of

the cameran atudied which does not ghow a decreage
at higher spat{al frequencies which may pive wne
poritron cacera somewhnt better noise chavscteristics.
t'sizally, these cameras are cofstructed Lo accopt a
1arge solid anple (v » ~40°)  and the effeces of
#olid anple musrt bhe put {nto the point responsc
funcetions.

In general, ?l”(g) {s real, symetric in ¢ and §,
and tr alno a separabie function of uy and u, hecause
the hlurr{op patt-rn iu a square. W¥hen the toropraphic
planes are repularly spaced Hyy(u) depends on the
dtfference (1-1§ wo that, out of the 82 olecents of the
=atrix #f (for each upatia) freguency component), there
arce enly (N ~1) different values. The faverne maerix

fa, of rourse, alwo real and avemetric but {t {s not
able,  for repularly spacedplanes ¢ has about
P )7 different elveantn for each spatial
frequency component .

Conp fonal Requiremcnts« Operation of this
reconstruction twthod will require only the usme of o

small computer topcther with an associated disc aysten,
and work {s {n profresa to i=plement thig. A randon
access gecory of 28K 1e ample to yeconatruct tomoprars
having 64x64 = 4096 picturp clerents, The {nverse
rmatrices g ({n) need to be pre-computed for a riven
reometry and nusber of planca and will reside o disk
at a ~(N,/2 4 1)7 x 4096 matrix, Calculation beains
with the Fourler tranafores of the Xp tomopyams, one at
a tire, with rearrangement and storage on dise of the
teal and Imaginary parts as a  (IN;) x 4096 macrix.

A glven plane {8 reconstructed by Erlnginn the T and G
matrices (nto random access storage, a huffer~load at a
tire, and adding appropriate products of the elements
of £ and T Into the real and tmaginary parte of the
4096 ohject matrix, This requires 2!5,,%096 add{cions
and multfolicatfons. An {overre Fourfer trangform will
sive the teconstructed plane.
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