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| QUANTTTATIVE SEQUENTTAL TACTNG OF RADIONUCLIDE DISTRIBUTION
 USDNG THE WHOLE-BODY SCA'PIER AND THE CAITA CAMERA:
Absolute"accuracy and aspects-cf three-diménsibnal‘reconstruction.

| _T. F. Budinger, G. T. Gullberg, M. L. Nohr, J. Mchae. aﬁd H. 0. Anger

Donner Laboratory and Lawreqce 'Berkelev Laboratory
o University of California, Ber! eley - :

- SCOPE’

Ve report here the progress in quantitatines the distribution of iso~
tope within organs on sequential images of the whole tody using tne whole-
body scanner, and on techniques of reconstructing the three-dimensional
distribution {rom multiple gqmna—camera views using a variety of different
algorithms ' PR '

WHOLE-BODY SCAN QUAHTTT%@IOW

The fbllowing variables are involved in the nrecisp quantitation of
the amount of radiopbarmaceutical” in regions of the tody: 1) geometry
effect, (2) patient thiclness, (3) thickness and hompgeneity of isotove
distribation, (4) source position, (5) photon attenuation coefficient.
The whole-body ‘scamner at Donner Laboratory con31sto of 64 detecters
distributed as four rows of 16 detectors with a dizronal offset to give
good resolution and adequate collimation between the single 3.2-cmm .
diameter by 3.8-cm thick sodium iodide (T1) crystals (Anger, 1965). The
patient is positioned on a bed that is moved over the detector array and
culse-height selection is used to separate pulses between Gifferent iso-
topes. The scan durations can vary from 0.75 minute to hours.

" The table position, detector identification, and isotope are encoced:

by a hardware device that presents the computer with a 16-bit word. A
2CUS-word buffer is filled every 8 of 384 table positions with data from
up to U isotopes. As this buffer is being filled, ancther buffer is
durped onto the raw data disc, and after the data accunulaticn these data
are framed into 6 frames of 64 X 64, which takes less than 10 seconds
(Budirnger, 1973). A light pen is erd to delineate up to 16 irresular
areas of kldney, bone, heart, ete. for intecration. A special detector
- sensitivity-correction program is applied to the data as thev are being
framed, and a routine for of1~:ett;n patient positicn is used. for making
. sequential corparisons of the change *n distribution of isctcope. If the

quantitation is done on an organ region basis ratner than an element by

element basis using both supine and prone scans (c\uluoooo scannin:?),
-then the georetry effect a2nd scurce position should be negligihle for -
- most situations. The slight geometry effect vias found to te insimmifi-
. cant and has not teen included in this dnalys*o. :

Isotope ui"tribution and hopovnreitv as well as bodJ thickness has
been t“kcn Into account by a correction factor and Lhe act*th 1s cal-
culated frc‘L.f

uT/2
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where AO and A_ are the prone_and'supiné scans, T is the thicimess, u
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is the attenuation coe’ficient and f is the fracticn of T occupied by
"~ the isotope._,

The inmortance of body thickness on the accuracy. is ref‘ected in
the relationship of the change in the correction factor to the geometric
mean (Ay * Ag) 172 of eq(1l) as body thickness increases. For a given
thickness the change in this correction factor will change accorcding
“to the fraction of body thickness, f, over which the isotope is
considered to be distributed; howover, this is shown to be of little -
importance (Fig. 1). An estimate of £ = 2/3 has been shown by Soren 50N
(1971) to be adequate, and our analysis corroborates his -work.

The contribution ‘from attenuation through the body is not accurately.

given by a constant attenuation coefficient, u; however, for photons
above ~100 keV we do not expect this to lead to significant errors.

Representative results from calibration trials are shown 1in Table l
for both *%Tc and !3!I. Sources of different concentration in different
volumes attenuated by various thicknesses of scattering media were used

with the whole—bodv scanner. The accuracy of quantitation is #10% using

the geometric mean arrived at by supine and orone scans vhen target to
nontarget ratios are greater than 10:1.. Background or cross-talk.can
be removed by subtracting assumed contributions using information of
activity from tissues contiguous to the orran of interest

HHTHH‘SWEHE

" The organ by organ (e g., brain, heart, liver, \idney, bone sol
tissue, etc.) distribution of the following, radicnuclides has been
f011owed from days to months: }8F, 2%a, 37Bp, “3K, SiCr, S%Fe, !'!In,

75Se-methionine, *°*™Tc-EHDP, '3'I- l9—1odocholesterol 81Rp. ~ An example
of sequential studies extending 9 half—lives for ale is shown as Fig.
2,-and the sequential distribution of !3!I-iodocholesterol over a period
of 7 days is shown as Fig. 3. The quantitatlve regional~listribution
for '3!'I-iodocholesterol is described by Table 2 wherein the fraction
of the injected dose for each important. body reoion has been calculated -

These data show features of isotope redistribution that have not hereto- ’

fore been noted, and will prov1de the basic biological data for more
exact d051metry »

- FUTURE APPLICATIONS OF UHOLL-BODY SCANNER QDANTITATIVE--SYSTEM

‘ In addition to the direct quantitation ciscussed above ‘the whole-
body scanner provides a unique opportunity to determine organ clearance
of substances that are removed from the body by only one organ. Assun-
ing the rate of excretion from the body is directly proportional to the
concentration in the plasma, we can determine the instantaneous extrac-—
“tion rate of a particular organ by measuring the rate of change of the
substance in the body and the plasma concentration . The volume clearance
rate, C is- SR

dA. (t)

S C,(t) = - (————-)/cp(t) ml sec — .. - (2)




where cp(t)’is the plasma concentration and A isbthe-whole-body

activity. The derivative dA_(t)/dt 1s an excretion rate from the
~entire body. Thus, if the rélative change in wnole-body counts

is known, and from this we exclude the contribution from the organ of
interest and compartment to which the cleared substance is excreted,

we have a simple measure of function. This is an improvement over.
shielded whole-body counter methods  (Oberhausen and Romahn, 196Y;
Tkocz, H-J. et al., 1971). In the case where multiple. organs are involved
in the exchange, another analysis applies. The specific activity of any
organ exchanging isotope with the blood pool is related.to the uptake
by all the other organs.and the specific uptake or exchange rate of the
- organ of interest that we designate as K. ’ S _ _

For the situation of multiple compartments exchanging with the
blood pool the plasma curve becomes :

' -Alt ALt e
A(t) = Al e © +hAye ....-An e T : -(3)
If K is the constant exchange rate between a specific organ with
activity S, then

-n
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The exchange rate for a specific organ K, can thus be deterndned by the
sequential quantitative whole-body scans by solving Eq. (4) numerically.

- This parameter extraction project has not reached clinical trials as yet.

THREE—DIMENSIONAL RECONSTRUCTION FROM PROJECTIONS

. An advanced goal in nuclear medicine imaging is the quantitative
evaluation of the ‘three-dimensional distribution of radionuclide in the
body. There are two general categories of imaging techniques applicable
to this tractable problem: tomoscanning, which is an imaging technique
similar to x-ray laminography or tomography; and digital reconstruction
of three-dimensional information from two-dimensional projections or .
~ two-dimensional information from one-dimensional proJections The latter -

category has been variously termed transverse section imaging or scanning,

computerized transverse axial tomography, or three—dimensional reconstruc—
. tion by Fourier or arithmetic methods

The methods of reconstructing a density distrihution from'multiple
views of an object can be divided into 10 distinct categories, all of
which can be shown to be equivalent under special conditions of trans— :

_ forrration. The methods are:

1. ‘Matrix inversion direct techniques including generalized inverse
-or pseudoinverse (Budinger and Gullberg, 1973)

: 2Q " Back projection, also known as the sunmation, superposition the
‘additive lMoire technique, or section scanning (}\uhl and Edwards,
1966 Vainstein 1971). '

KA -A t . KA =it . . KA =Xt ”fKt)v

()
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3. Iterative least squares technique (IIST)(Goitein 1972 Budinger
~and. Gullberg, 1973) o

4, Algebraic reconstruction iterative technique (ART)(Gordon,
Bender and Herman, .1970)..

5. Sim;ltaneous iterative reconstruction technique (SIR‘I‘) (Gilbert
“ 1972a)

6. Simultaneous iterative geometric mean technique (Schmidlin 1972)

A 7 Back proJ ection of‘ Hilbert transformed proj ection derivatives
(BPHI‘) (Cormack, 1973; Gilbert, l972b) ' . N

8. Hign pass filtered back proJ ection (FBP)(Bates and Peters 1971)

9. | Backvprojection of -filtered proj ections or the convolution
technique (BPFP)(Bracewell and Riddle, 1967; Ramachandran and
Lakshimininarayanan, 1971; Chesler, 1973, Peters 1973) ‘

10.- Fourier reconstruction technique (FRT) (DeRosier and Klug, 1968
S 'vawther et al., 1970) _ _ v

The pmblem of three—dimensional reconstruction can be sinplif‘ied
by performing a series of two-dimensional reconstructions from multiple
one~dimensional projections, then stacking these secticns along the

rotation axis of the projection views to reconstitute the three-dimensional -

- obJect (Fig. 5). We have explored most of. these techniques and present
here rﬁsults from the back projection, least squares and SIRT methods
(Fig. 4) ' : _

The iterative least squares technique involves the f‘ollowing method
- for ascertaining, the most likely intemity in a par-ticular picture element

: 6 k(e) ;] k(e) :

“(1,3) =A™ (1,3) - A" (1,J) m

where n denotes the nth iteration, and m is the number of views Rk(e)

is the estimated projected density. Equation (5) is the formula involved' S

in finding the set of intensities A(1,j) which will minimize the mean .
squared error between the estimated projected intensitles dﬁt e
observed projected densities Pk(e y* The subscript k(6),passing through

the element A(1,j). The reconstruction is controlled from diverging by
a damping factor that minimizes the meanh squared error between the new
estimated projected intensitieg _

s L) 8 L)
- (1,3) € ray k6

and the pr'ojected intensities. Thus
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The new intehsities after each iteration n+l are

mhuw mxw(kﬂ+8AA(uﬁ0]

Corparison of mcthods and resolution

v A comparison of the iterative least squares technique to SIRT and
" to the back projection is shown in Fip. 6 for hot spot detection, and
Fig. 7 for void detection. The superiority of 10 ILST 1terations '

to 20 SIRT iterations can be seen in these corparisons. Another-
_ criterion of the caﬁahilitleo of an algorithm is the root-mean-square
deviation bétween the real object and the calculated reconutructlon
norrmlized to the deviation of the initial aolution. ‘ :

s 172
Z(NHJ)—AHJN
1) - .
L (A'(1,3) - Ao(i,J))2

y- _

' Using this criterion, the least squares technlque was compared to tre .
additlve SIPT metnod at each iteration (Fig. 8). .

Anvexample of the results of the ILST.technique'is shovm for a head
phantom with lesions 2.5 cm and 4 cm filled with isotope concentration
2 times that of the baclground (Fig. 3). A total of 1 mCl was used,
and 18 conjugate views of 30 sec duration each were taken before a
single garma camera. A patient study is showm in Fig. 9 wherein 18
conjugdte views were taken six hours after 8 rCi were injected in.a
l4-year old girl with a suspected brain lesion. In this case an extended
tubular collimator was used to corpensate for the diotance betveen *re ‘
camera and head occasioned by the nqtient's shoulder. : '

If a reconeruotee innFo is to bn unifbrrﬂv resolved to a rcsolution
d of a completely unsymmetrical object, the number of discrete views must
be at least - N S

n~wbh/d

where D 10 the dimenrion of the oblect (Crowthor ot al., 1970; hluu and
Crowther, 1972). Thus for a resolution of 1.5 o in lmaﬁtnf ‘a head

20 cm in dlameter, we nmed 42 views. . In practice only 20 views. are
necessary for the class of objects of importance to nuclear medicine.
An explanation for t~1) discrepancy is that 42 prolections would be
required for an object that has no symetry, thus no recional correlation. -
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Of course this i3 not true for any image, as there is great departure. -
from complete randomess just in the fact that a recognizable image
exists. Thus it is not surprising to find the number of views required
for. reconstructino a two-dimensional distribution with'a resolution
distance of 1.5 cm far less than the theoretical for images of no
symmetry. Ancther way of understanding the reason for the discrepancy
is that in the class of objects of ccncern many different objects are -
essentlally identical. The resolution, and to a great extent appear—
ance of artifacts, is related to how close the axis of rotation is to
“a center of,symmetry For example, rultiple views of a right cylinder
taken around an axis that is displaced from the center of rotation .will
give a reconstruction that is distorted and contains.'clutter" outside. -~
the object region (Peters, 1973). Only a single view of the same right
. cylinder 1is necessary if the cylinder 1s in the assumed center of ,
rotation for the reconstruction. However, no a priori assumotion can
be made regarding the- topology of a cross section. ,; o :

S Whereas the iterative lea st squares technique gives ‘good resolu-
tion without artifacts, the BPFT technique has a speed capability that
ndpht lead to its oreferred use if absorption can be properly handled .
by this latter method. The ILST and BF methods have been implemented
on our small nuclear medicine computer system HP-5407. Clinical trials
have just now begun, and early results clearly show these techniques as
important advances in quantitative nuclear medicine. Sections of 46 X
46 for. 18 conjugate (36) views are calculated in 2 min per iteration by.
the ILST method using FORTRAN. on our small . computer (HP—2lOOA) the
HP-5407 system (Budlnger 1973).

SUM/ARY

The whole body scanner can quantitate the regional and sequential
distribution of radionuclide on an organ by organ basis using conjugate
views and a theoretically valid correction factor if the target to-
nontarget ratio is high (>4:1). A more precise quantitative technigue
is the three-dimensional reconstruction of radionuclide distribution
from multiple two-dimensional projections. The scintillation camera
with an extended collimator is adequate for three-dimensional imaging
with 1.5 cm resolution if the patient is rotated in lO°?lncrements and
images are obtained with about 15,000 dots per view. ‘Application~to '
brain and myocardial 1imaging are 1nmtaiate clinical objectives with -
important potential.: Programs for the f‘ull irplu.rntation are available
.from Budinger and Gullberg (1973).. S .
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Table 1. Accuracy of calculated activity using eq. 1.

_.ThickheSS B  True adtivity - 'Calculated activity*;7i"Percent,error
em) - > o R i BT R .

| $Smpe (Efficiency factor: 3.2 X 107) | |

70 160 160 " ;,_ :' 0.6

7.0 | | ';f  '52}8 ‘ ‘; i - 54;8» ‘ | '§i f* Coo43.78

100 8 . sa8 3}2  5’ 0.0

| 1,2.5  52.8 | 51.5 2.1

1317 (Eefictency factor: 7.4 X 1073) . |

U 10.3 .;';1  2 a5 L am
0.3 14 10 '.1?if;ﬁ;" 3.5
ey o %6 -0
12.4 o s . a1 = .38
130 0 3% w3 a5
13.0. o B 75, R

w28 6w s
Wy BT s B ';; f:f 43.5

@

x S R P :
Calculated from efficiency factor X Ct (Fig. 2) X geometric mean.
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| --TABLEj2;“ Percént»of'iniﬁial acti#ity_1n,bédy;regiqns;

c

18

hrea/Time Day 0 1 (19hr) 2 (W7 hr) 4
e
1.3 1

Skull

Gall
Blaadder

0.2

1.6

3..’4 N
0.9
- 16.2
ERE
3.3

2.y

15.9.

12,

- 2.
L7

7.8 ns
1l

W22
87

2
.
2
5
.5
5
8
5
5

.
l\)_

.55

5.6
1.7

7.7

2.0

2.9
6.0.

1.2

.05

.17 |
A2
.35_’.

o

.5h
6.3

68 .

1.3

3.0 o

49

o ol
a2
;_;3é_
;ﬁi-Za :
,~f1;8
.  ;i;2
._filzz
v“;.'l'

' ].éu'_ .

et

.02

10

.30
.31
1;32

1.08

.23

3,50 2.

.36

66
2.2

.02
A4
22
.33

.93
e
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F’I(‘URE CAPTIONS

Fig. 1: Correction factor applied to the res ults of the geometric mean -
of supine and prone scans described-as a function of -thickness of the
patient. The factor is not very sensitive to thé fraction of the -
thickness wherein the isotope is distributed B

'Fig 2: Results of a sequential imaging after 3 mCi injection of rubidium—81
(contaminated with 207 rubidium-82n) using the Mark II whole-body scanner.
The shift from central circulation to liver and peripheral ti sues can now
be quantitated with an- accuracy of less than 10%. -~ ' '

Fig. 3: Anterior and posterior hhole—body scans show“the sequential
distribution of a radiopharmaceutical and allows one to extract quanti-

~tative data on the fractional distribution .of the dose ‘with res pect to
regions in the body and time (cf Table 2).

Fig. 4: There“are at least five direct methods that" ihvolve reconstruc-
tion from multiple views. The techniques compured in this oaper are
, designated by asterisks (¥*). _ _ . '

“Fig 5: Phantom study demonstrating the ability of least-souareo recon- .
. struction technique to delineate the position of two hot. spots from 18
" conjugate views using the scintillation camera. One mCi was used with
. a counting periocd for each view of 15 seconds. S T

Fig. 6:. Comparison of three techniques of three-dimensional reconstruc-
tion from 18 views taken at 10° increrents on a ring phantom that has.
two hot spots. 'vNote the ability to distinguish the l-cm lesion, and
the superiority of the least squares.and SIRT tecnniques to the back-
'projection technique - : : :

Fig. 7T: Demonstration of the ability of three-dimensional reconstruc-
-tion techniques to delineate holes in & liver-phantom slice. The superi-
“ority of least squares over other techniques for this bypt of object 1s

demonstrated here. g : , .

Fig. 8: A comparison of the SIRT to the least—squares algorithm for two
objects. The deviation between the two objects and the reconstructed -
object 1s less for the least-squares algorithm than the SIRT algorithm.
The least-squares tccnnique takes two ninutes per plane -on a small
computcr (HP-21004) . S S v

: Fig 9: Cross-sectional images produced by the ILuT after 18 conjugate
views of 1l y.o. patient's head 6 hrs after 8§ mCi °° mTc pertechnetatc
~Suspected craniopharyngioma. -
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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