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QUAlr:'ITATIVS SEQi.J2ITIAL If.1f~GnIG OF RJmIO:IDCLIIE DISTlUBTJTlcrl 
usura ':'HE M-IOLE-BODY SGA!l!JE.q A:'ID THE· G/ll·:;·'jA CNiERA: 

Absoluteaccurecy and aspects of three-<l1r.1ensionalreconc:;tructlon. 

T. F. Budinger, G. T. Gullberg, M. L. Nohr, J. McRae_ and H. o. Anger 

Donner iaboratoI"'J and Laurence i Berkeley Laboratory 
University of California, Berkeley 

- SCOPE 

vIe report here the pro,gress in quantitatinr:: the distribution of iso­
tope \·l1thinorgal1S on sequential ii'TJages of thewhoie body using the u:101e­
body scan.'1ei', end on techniques of reconstructing tile tr-..rec-d1mep.zio:1a1 
distribution·from multiple g~-camera vie\'Js using a variety of dIfferent 
algorithms .. -

WHOIE-B'JDY SCAN _ QUAHTITATIOU 

The following variables are involved iri the precise qll<."U1titation of 
the· amount of radiophannaceuticals in regions of thE' body: (1) geometr;:I 
effect, (2) patient thid~ess, (3) thickness and homceneity of isotope 
distrib~tio11, (4) source position, (5) photonatt~~uationcoe~flcient. 
The \,/l1ole-bodysc&"U1cr at funner Laboratory consists of 64 detectors 
distrio'..ltedas four rOi'IS of 16 detectors \'lith a di2Fonal offset to give 
good resolution 211d adequate col1i...-:mtion bet~'leen thcsincle "3.2-cr. 
diameter by 3 .S-em thick sodium iodide (Tl) crystn.ls (Ancer, ~_965). The 
patient is positioned on a bed that .is moved over the detector' army and 
pulse-heiGht selection is used to sepCll'ate pulses beVI'feen G1ffeJ.\~nt 1::.;0-

topes. 'Ihe scarl durations can vary from 0.75 minute to hour::;. 

The table posJtion, detector identification, and isotope .?J'e encoded. 
by a hardware device that presents the cO!'lputer \'rith a 16-bit ltlOro. A 
.2C48-word buffer is filled every 8 of 384 table positions \·.1th data from 
up to It isotoPes. As this buffer is being filled, &"lother buffer is 
dumped onto the r2.H data disc, and after the u8.ta accumulation these data 
are frarned into 6 frames of 64 X 64, I'lhich takes 1-:::55. than 10 seCO:1:l.3 
(Bud1ncer, 1973). A li&~t pen is used to delineate up to 16 irreGUlar 
areas of klcL."'!ey, bone, heart, etc. for inteo-ation. A sp2cial detector 
sensitivity-correction progr2..":l is appHed to the data as they 2.:re beinG 
framed, and a r'Outine for off-settinr::; p2tient position is useJ fer ;:'-':~}:i.nr; 
sequential cOrlparisons of the cha."--'£c j n distrlbuti.o;', of isotope. If the 
qlk'l."'!titation is done on an org2.:1 recio:l UQsis rathe7> than 811 ele:.Jcnt bV 
element basis using both supine al1d prone seans (conJur,ate scanninc), 
then the geoJ'!ei;~! effEct Gld source position shoul'd benesligihle for 
most situatior.;5. The slig.'1t Geometry effect H;:t3 fo'mdto be insiSEif'i­
cant and ha~ not been included L~ this analysis. 

Isotope di~tribution nnd homoc:cneit:! as \'Jellas body thlsKnc;os l"!-J.S 
been tween into a:cou."'l.t by a correcti:m factor ClnJ the acti v:i.t;;, 1s cal-
culated frcr:i . 

r -; lJ'T'/'" 
1i~- • A e ~ '-fJJT 

_ ~. p s . 
A - 2 c sinh (f1J~/2) (1) 

where A and A are the pronea:'1G SilpjllC scaI1s, T 1s the thicl:ness, u p s 
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is the attenuation coefficient, and f is the fracticn ofT occupied by 
the isotope. . 

The importance of body:thickness on the accuracy is reflected in 
the relationship, of the chane;e in the cOrTection factor to the geometric 
mean (Ap • As)11'2 of eq(l) as body thickness increases. For a given 
thickness the change in this cOrTection factor vlill change accoroing 
to the fraction of body thickness, f, over which the isotope is 
considered to be di:3tributed ; however, this 1s shoHn to be of little 
importance (Fig. 1). An estirnateoff =2/3 has been shown by Sorenson 
(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, ~; however, for photons 
above-lOa keV we do n~t expect this to lead to significant errors. 

Representative results from calibration trials are shown in Table 1 
for both 99mTc and 1311. Sources of different concentration in different 
volumes attenuated by various tlucknesses of scattering media were used 
with the whole-body scanner. The accuracy of quantitation is ±lO% using 
the geometric mean arrived at by supine and Drone scans Hhen target to 
nontarget ratios are greater than 10: 1. BackGround orcross~talk ,Gan 
be reroovedby subtracting assumed contributions USinc3 information of 
activity from tissues cOhtiguol..!-sto the organ of interest. 

PATIE'JT STUDIES 

The organ by organ (e. g., brain, heart, liver, . kidney , bone, soft 
tissue, etc.) distribution qf the follovTinr; radionuclides has been 
followed from days to m:mths: 18p, 2i+Na, 37Br, 1t3K, 51Cr, 52Pe, l11In, 
75Se-methionine, 99mTc_EHDP, 131I-19-iodocholesterol,,81Rb ... An example 
of sequential studies extencl.ing 9 hcilf"-lives for 81ifu 1s shmm as Fig. 
2; and the sequential distribution of 131I-iodocholesterol over a period 
of 7 days is shovm as Fig. 3. The quantitative regional-distribution 
for 131I-iodocholesterol is described by Table 2 wherein the fraction 
of the injected dose .for each important body region has been calculated 
These data show features of isotope redistribution that have hot'hereto­
fore been. noted, and \vill provide the basic biological data, ,for more 
exact dosimetry. ' 

FlJTURE APPLICATIONS OF HHOlli-BODY SCANNER QUANTITATIVE-SYS'I'Er>'! 

In addition to·· the direct quanti tat ion discussed above, the vlhole­
body scanner provides a unique opportunity to dete~ine organ clearance 
of substances that are rerroved from the body by only one organ. Asswn..,. 
1ng the rate of excretion from the boLly is directly prOPQrtloru:).l to the 
concentration in the plasma, we can detenrtine tile instantnneous extmc­
tionrate ofa particular organ by measuring the rate of change of the 
substance in the body and the plasITl::t concentration~ .'I'::le volume clearance 
rate, Cv is' 

(2) 
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where Cp(t) is the plasma. concentration and At is thewhole~body 

activity . '!he derivative dAt(t )/dtis an excretion rate from the 
entire body. Thus, if the relative change in whole-body counts 
is known, andf'rom this we exclUde the contribution !'rom the organ of 
interest and compartment to which the cleared substance is excreted, 
we have a simple measure of function. This is all impreverrent over 
shielded whole-body counter methods (Ob,erhausenand Romahn, 19b~; 
Tkocz, H~. 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 \'lith the, blood pool is related "to the uptake 
by all the other organs, am the specific uptake or exchange rate of the 

" organ of interest that we designate as K. " , 

For the situation of multiple cbITq)artrnents exchanging with the 
blood pool ,the plasma curve becomes: ' 

-A t -A t -A t 
( ) 1 2 ' n 

A t = Al e + A2 e ...• An e ' 

If Kis the constant exchange rate between a specific organ with 
activity S,then 

KAI "';Alt 
S = Kr" (e ' 

- 1 

~Kt , - e . ) ...... . 
KA -A t 

n ( n 
+ K-A e 

n 

-Kt) - e . 

The exchange rate for a specific organ Ki can thus be determined by the 
sequential quantitative \'lhole-bou.,y scans by solving Eq. (4) mnnerically. 
This parameter' extraction project has not reached clinical trials as yet. 

THREE-Dn~SIONAL RECONSTRUGrION FROrl! 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 irna.ging techniques applicable 
to this tractable problem: torroscanning, which is an imaging technique 
similar to x-ray laminography or tonography; and digltal reconstruction 
of three-dimensionalinfonnation from two-dimensional proj ections or 
two:..cIimensional information from one-d1men<;ional projections. Tlie latter 
category has been variously tenned transverse section imaging or scanning, 
computerized transverse axiai tomography, or three-dimensional reconstruc.,;,. 
tion by Fourier or arithmetic methods~ 

The methods of reconstructine a density distribution from rrn.lltiple 
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
fornntion.The methods are: 

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

2. "Back projection, also kno\,!Tl as the sur;ynation, superposition, the 
additive r10ire technique, or section scanning (Kuhl and lliwards, 
1966; Vainstein, 1971). 

(4) 
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3~ Iterative least squares technique (nsr)(Goltein, 1972; Budinger 
and Gullberg, 1973). 

4. Algebraic reconstruction iterative technique (ARTHGordon, 
Bender and Herman, 1970) • . 

, 
5. Simultaneous iterative reconstruction technique (SIRT) (Gilbert, 

1972a) • 

6. S1multaneous iterative geometric mean technique (Schmidlin, 1972). 

7. Back projection of Hilbert transformed projection derivatives 
(BPHI')(Cormack, 1973; Gilbert, 1972b). . 

8. High pass filtered back projection (FBP)(Bates and Peters, 1971). 

9. Back projection of filtered projections or the convolution 
technique (BPFP) (Bracewell and Riddle, 1967 ; Harrachandran and 
Laksh:1m1n1narayanan, 1971; Chesler, 197J~ Peters, 1973). 

10. Fourier recons tructiontechnique (FRT)(DeRosier and Klug, 1968; 
Crowther et al., 1970). 

The. problem of three-dimensional reconstruction can .' be simplified 
by performing a series of two-d:1mensioJ"l.al reconstructions from IilUltiple 
one..-d.1mensional proj ections, then stacking these sect ions along the 
rotation axis of the projection views to reconc;tltute the three-<iimensional 
obj ect (Fig. 5 L ~!e have explort...~ most of these techniques; and present 
here results' from the back proj ection, least squares, and SIRT methods 
(Fig. 4). ' 

The iterative least squares technique involves the following method 
for ascertaining the mo::.,t likely intensity in a particular picture element 

l1PP(i,j) = An+l(i,j) - An(i,J)= rm _ r~(e).0h. 1 (5) L . ePk(eif a Pk(e) 

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

is the estimat.ed projected density. Equation (5') is the formula involved 
in finding the set of intensities A(i,j) \'lhich will minimize the mean 
squared error between the est1mated proj ected intel13it~~th..~ ~ 
observed projected densities Pk(e). The subscript k(e )AP~ssing t'nrough 

the element A(i,j). The reconstruction is controlled from diverging by 
a damping factor that min1m1zes the meah squared error petween the new 
estimated projected intensities ' 

and the projected intensities. Thus 
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LL [Pk6 -~6J(1: tP A(i,j »)/PkE) 
a = .... e_k ______ -'C .... (=Jj<.:;..)_e:_r_~~y_k..;..( e~)~_, _'_' '.,..-' 

( L 6 A »2 
LL(i,j}e: ray k(O) (i,j 
a k --~.&.L...:-;:.Pk;::;:.e~~!----

The new intensities after each iteration n+l are 

Conparison of r1ethods and resolution. 

A comparison of the iterative least squares technique to SIRT and 
to the back projection i3 shown in Fir;. 6 for hot spot, detection, amI 
Fie. 7 for void detection. The 3uperiority of 10 IIS'l' iterations 

to 20 S:rnr i teratl 'lns can be seen in the3e corr:parisons.' J1nother 
criterion of the capauilitics of an alGorithm is the root-mean-square 
deviation between the real object and the calculated reconstruction 
normalized to the deviation of tfle initial solution. 

1/2 

Using this criterion, the least squares techniqvewas compared to the 
additiveSIRT method at each iteration (Fig. 8). 

An example of th'3 results of the IhSTtechniqueis shot·m for a head 
phantom vlith lesions 2.5 cm and 4 em filled Vlith isotope concentration 
2 times that of the bacl:r;:round (Fir;. 3). A total of I mCi Has used, 
and 18 conjugate vievlS of 30 sec duration each Here taken before a ' 
single gamma camera. A patient study is shmm 1n Fip;. 9 wherein 18 
conjugate views were taken six hOU:r '3 after 8 nei \'lere injected in a 
14-year old girl with a suspected brain lesion. In this case a'1 extended 
tubular collimator was used to cOJ:-pensate for thn distance bet:-.reen the 
camera and head occasioned by the pn.tiEmt' s shoulder. 

If a reconstructed irrnp:e 1.s to be unifoY'!:'.l.v resolved to a resolution 
d of a completely uns;,'lT!!:letrical dLJj cct, the nUlT'ber of di:3crete vie,-;s P1USt 
be at least 

n : 7T Did 

where D 1s the diJ.1ension of thcotJeet (CrovJthcr ct al., 1970; YJ.ufT, 3nd 
Crowther, 1972). '1hl.l:' for a rc:,;oluUon of 1.5 CI'Iirlirrnp:Jnr--a head 
20 crn in diameter, t·J;_: m:cd 112 V lo-/!:; . InnITlcti.cp. only 20 viei'ls arc 
necessary for the CL1,;~; of ob.j eeL; of i'":1po~t.2.llce to nuclear medicine; 
An explanation for t~~i;3 di~3Crep~lJ1C~1 1.;'; tl1~t 112 PY'o,i ('etions ",[QuId be 
required for an obj ect that has no ~:!rmetry, thus no regional correlation. 
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Of course this 1s not true for any 1.rnaee, as there is great departure 
from complete randomess just in the :fact that a recognizable 1.mage 
exists. 'TI1US it Is not surprising to find the number of views required 
for reconstructing a two:.-ctimensional distribution \'lith a resolution 
distance of 1.5 cm far less than the theoretical for images of no 
syrrmetry. Another ... ray of understandinG the reason for the discrepancy 
is that in the class ofobj ects of concern many different obj ects .. are 
essentially identical. The resolution, and to a great extent appear­
ance of artifacts, is related to how close the axis of rot at ton is to 
a center of syrnrretry. For example, multiple views ora right cylinder 
taken around an axis that is displaced from the center of rotation will 
give a reconstruction that is distorted a!1d cor1tains. llclutterll outside 
the object region (Peters, 1973) .. Only a sinr-,le vie ... , of the same right 
cylinder is necessary if the cylinder is in the assumed center of . 
rotation for the reconstruction. However, no a priori assumption can 
be made regarding the· topology of a cross section. . 

Whereas, the iterative least squares technique€!,ivesgood resolu­
tion without artifacts, the BPFI' technique has a: speed capability t·hat 
mig)lt lead to its preferred use if absorption can be properly handled 
by this latter method. The ILST and BF methods have been L"r.plemented 
on our small nuclear medicine corr~puter system HP-540Y. Clinical trials 
have just now ber;un, and early result~)clearlyshoN these techniques a.c:; 
important advances in quantitative nuclear medicine. Sections of 46 X 
46 for 18 conjugate -(36) vim"IS are calculated in 2. min per iteration by 
the ILST method using FORTRAN on our small computer (HP"':2100A) in the 
HP-5407 systenl (Budinger, 1973). . . 

SUlifJffiRY 

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 tare:et to 
nontarget ratio is high (>4:1)~ A more precise quantitative technique 
is thethree-diInensional reconstruction of radionucl1de distribution 
from multiple two-dimensional proj ections. The scintillation camera 
tuth nl1 extended collimntor is adequate for three-dimensional irnar;1ng 
\>lith 1. 5 cm resolution if the patlent is rotated in lO°increl'1ents anu 
images are obtai ned \'li th about 15,000 clots per vieH. Appl1r.ation to 
brain and nwocardial irnar;ing are imrr.edlate clinIcal objectives Hith 
important potential. Programs for the full ir-plcrrentat1on are available 
from Budinger and Gullberg(1973). 
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Table 1. Accuracy of calculated activity usingeq. 1. 

Thickiless 
(cm) 

True activity Calculated activit.v~ .. Percent error 

99mTc (Efficiency factor: 3.2 X 10-3) 

2.0 16.0 15.3 -4.4 

7.0 16.0 16.1 +0.6 

7.0 52.8 54.8 +3.78 

10.0 52.8 52.8 0.0 

12.5 52.8 51.5 -2.46 

131r (Efficiency factor: 7.4 X 10-3) 

10.3 28 27.5 -1.78 

10.3 .114 110 ;..3.5 

12.4 28 26.6 -5.0 

12.4 114 119 +4.38 

13.0 36 33.3 -7.5 

13.0 81 75.8 -6.41 

14.4 28 26.4 -5.7 

14.4 114 118 +3.5 

*Calculated fromefficiency factor X Ct (Fir;. 2) X geometric ~ean. 



-10-

TABLE 2. Percent ofinitlal activity in body regions. 

Area/T1me Day' 0 1 (19hr) 2 (47 hr) 4 G 8 11 ..1.L 18 22 

SkLlll 0.2 .22 .14 .07 .05 .O~ .04 .02 .02 

Brain 1.6 .87 .6ij .29 .17 .1,3 .12 .12' .14 

Pace 3.4 2.2 1.3 .72 .42 .3.4 .32 .30 .22 

Tllyroid 0.9 ,~ 7 .55 .36, .35 .34 " .• 28 .31 .33 .43 

Chest 16.2 8.2 . 5.6 3.0 2.2 1.4 ' 1,.8 1.32 .93 .89 

Liver 24.4 12.5 7.1 4.1 2.4 1.4 1.2 1.08 .74 .71 

Spleen 3.3 2.5 1.7 • 74 .54 ·32 . .27 .23 --
Gut 24.4 26.5 17.7 8.2 6.3 4.7 .4.1 3.50 2.59 --

' . 
Bladder' 1.7 2.8 2.0 0.69 .68 .35 .27 ' .36 .16 

Arms 7.8 ij.5 2.9 1.7 1.3 1.2 .1.0 .66 .61 

'regs 15.9 11.5 6.0 !J.o 3.0 2.7 1.9 2.2 1.77 

Gall 2.2 1.2 .93 .49 .31 .24 .2() .12 Bladder 
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FIGUPE CAPI'IONS 

Fig. 1: Correction factor applied to the results dfthe geometric mean 
of supine and prone scans described as a function of thickness of the 
patient. The factor is not very semitive to the rraction of the 
thickness wherein the isotope is distributed. 

Fig. 2:Result~ of ,a sequential' 1maginr, after 3rnCiiiljection of rubidium-8l 
(contam1nateq with 20% rubidium-82m ) using the Mark 1I1tlhole-body scc:nner. 
The shift from central circulation to liver and peripheral tissues can novi 
be quantitated with an accuracy of less than 10%: 

Fig. 3: Anterior.:md posterior vlhole-body scans slimithe sequential 
distributionofa radiopharmaceutical and allows one to extract quanti-­
tative data on the fractional dlstributionof the ciose, with respect to 

- regions in the body and time (cf ~ 'Table 2). ' , 

Fig. 4: There are at least five direct nethods that involve reconst ruc­
tionfrom multiple views. The techniques compared in this paper are 
designated by asterisks (*). 

Fig. 5: Phantom study derronstrat1.n[; the ability of least-squares recon­
, struction technique to delineate the position of tV10 hot spots from 18 

col1Jueate views using the scintillation CaJ.lera. one mCi was used with 
, a counting period for each view of 15 seconds. ' 

Fie. 6: Comparison of three techniques of three-dimension.,u, reconstruc­
tion from 18 views taken at 10° incrernents on a rine phantom that has, 
t\-IO hot spots. Note the ability to distip.Qlish the I-cm lesion, and 
the superiority of the least squares and SIRI' tecr.niques to the back­
projection technique. 

Fig. 7: Derronstration of the ability of three-dimensional reconstruc­
tion techniques to delineate holes in a liver-phantom slice. The superi­
ority of least squares over other techniques for this bypt of object is 
derronstrated here. 

P1g. 8: ' A comparison of the SIR'l' to the least-squares algorithm for two 
objects. The deviation between the t"IO objects and the reconstructed 
object 1s less for the least-squares algorithm tha.'1the SIm' algorithm. 
The least-squares technique takes two minutes per pl2J1eon a small 
computer (HP.,...2l00A). . " 

Fig. 9: Cross-sectional images pr~duced by the lIST after 18 conjUGate 
vie':lS of 14 y.o. patient IS head 6 lU':> after 8 mOi 99Tnrrc-pertechnetate. 
Suspected craniopharyngioma. 
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P-----------------LEGALNOTICE------------------~ 

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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