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Abstract - Resume - r\llllOTHI(IIII - Resumen 

A n  experimental evaluation of multiple-crystal arrays and  single-crystal techniques. 
This study was undertaken to ascertain the sensitivity of various geometries in  human body counters 
and to evaluate the uncertainties arising in each case from the use of an average calibration factor 
in people of the same height and weight, but differing in other anatomical characteristics. 

The following measuring techniques were used with a single crystal: (u) the 175-cm-arc technique, 
(6 )  the “Tilting Chair” technique, (c) the crystal at the small of the back, and (d) a crystal under 
the chair of a seated person. In addition, various multiple-crystal arrays were evaluated by placing 
in  turn, a single crystal at 7 equally spaced points 10 in apart along the bodv, at each of two heights 
a b o v e  and two distances below the supine subject. 

The gamma-ray spectra of a group of 20 patients, containing known quantities of K“, and a 
grrxip of I 2  patients, containing RaZZ6, were obtained. The counting-rate from each subject, 
corrected for excretion and decay in the case of K‘z, was compared with the average for the 
group to determine the magnitude of the variations that existed between subjects of different 
body builds. To evaluate further the calibration problems involved in each array the subject’s 
spectra were compared with the spectra obtained with known amounts of the same isotope in 
various phantoms. 

Although with a multiple-crystal array greater sensitivities are possible than with the tilting 
chair, the uncertainty involved is about twice that obtained with the tilting chair o r  the 175-cm 
arc. This uncertainty can be eliminated by administering to each person a known tracer dose; 
however, this may not always be feasible and should be avoided, since i t  increases considerably 
the technical difficulties. 

Evaluation expirimentale d’ensembles i plusieurs cristaux et mCthodes de mesure avec . 
un cristal unique. Cette etude a CtC entreprise pour dCterminer la sensibilitt de certaines gComCtries 
des compteurs de I’activitk du corps humain et  Cvaluer Ies incertitudes resultant, dans chaque 
cas, de l’utilisation d’un facteur d’italonnage moyen pour des individus de meme taille e t  de meme 
p i d s  niais dont les autres caractiristiques anatomiques different. 

L‘auteur a utilisi les mCrhodes de mesure suivantes, avec un seul cristal : a) mithode de  I’arc 
de 175 centimttres, b) mkthode de la chaise i bascule, c) cristal place dans le creux des reins et d) 
cristal place sous la chaise de la personne assise. De  plus, il a Ctudit le comportenlent de plusieurs 
ensembles a crisraux multiples en plagant un cristal unique en 7 endroits successifs distants de  
10 pouces les uns des autres (25 cm environ) et situts, dans I’axe du corps en supination, sur quatre 
plans horizontaus, deux au-dessus et deux en dessous du  sujet. 

I.’aiitcur a obtenu les spectres de rayons gamma d’un groupe de 20 patients dont I’organisme 
contenait des quantitis connues de ‘?K et  d’un groupe de 12 patients dont, I’organisme contenait 
dii “611a. I1 a compare le taus de comptage enregistre pour chaque sujet, corrigi: pour tenir compte 

. 

* Work performed under the auspices of the United States Atomic Energy Commission. 
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de l’excrition et de la disintegration dans le cas de “K, au taux moyen enregistre pour le groupc, 
afin de determiner I’importince des &arts existants entre des sujets de constitutions diffkrentes. 
Pour Cvaluer de fason plus approfondie les problkmes d’ktalonnage poses pour chaque ensemble, 
I’auteur a compart les spectres des sujets aus  spectres obtenus i partir de quantitks connues du 
mime isotope existant dam divers fantames. 

Le systime a cristaux multiples permet d’obtenir des sensibilites plus grandes que la rnCthode 
de la chaise P bascule mais le degrk d’incertitude est environ le double de celui qu’on enregistre 
avec cette mtthode ou celle de I’arc de 175 cm. O n  peut eliminer cetce incertitudd en administrant 
h chaque individu une quantitk donnee d’ilement marque; cependant, ceci n’est pas toujours 
possible et doit &re Cvitt car les difficult& techniques s’en trouvent considtrablement accrues. 

Una evaluaci6n experimental de 10s aparatos d e  cristal mliltiple y de las tecnicas a base 
d e  un solo cristal. El autor emprendi6 este estudio con el propbsito de determinar la sensibilidad 
de las diversas geometrfas de 10s contadores de la actividad del cuerpo humano y de evaluar la 
indeterminaci6n a que da lugar, en cada cam, el empleo de un factor de calibraci6n medio para 
individuos de igual estatura y peso, per0 que se diferencian por otras caracteristicas anat6micas. 

Se aplicaron 10s siguientes mktodos de medicidn, con cristal Jnico: u) el mktodo del arco de 
175 cm, b) el mttodo de la “silla basculante”, c) el mitodo del cristal en la regi6n lumbar, d) el 
mitodo del cristal colocado debajo de la silla del paciente. Ademis, se analizaron varias disposiciones 
de cristales m6ltiples colocando, sucesivamente, un cristal en siete lugares equidistantes, con una 
separaci6n de 10 pulgadas (254 mm), a lo largo del cuerpo, a dos diferentes alturas por encirna 
del sujeto en posicidn supina y a dos diferentes distancias debajo del rnismo. 

El autor obtuvo el espectro de rayos gamma de un grupo de 20 pacientes cuyo organism0 con- 
tenia cantidades conocidas de “K y de un grupo de 12 pacientes con **‘Ra. Compar6 el indice 
de recuento correspondiente a cada sujeto, una vez introducida la correcci6n para tener en cuenta 
la cxcreci6n y desintegraci6n en cl cas0 del 4zK, con el indice medio del grupo, a fin de determinar 
la magnitud de las variaciones existentes entre sujetos de dilerente contestura fisica. Para estudiar 
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m a s  a fondo 10s problemas de calibracion planteados por cada disposicion, compari, 10s espectros 
correspondientes a1 sujeto con aquellos que se registran con cantidades conocidas del mismo isotopo 
en varios maniquies. 

Si bien la disposici6n ?e cristales mliltiples permite alcanzar sensibilidades m6s elevadas que 
el mCtodo de la silla basculante, el grado de indeterminaci6n es aprosimadamente el doble del que 
resulta del us0 de la silla basculante o del arc0 de 175 cm. La indetermination se puede eliminar 
administrando a cada persona una dosis conocida de indicador: pero ello no siempre es factible y, 
en general, conviene evitarlo, ya que acrecienta considerablemente las dificultades tknicas. 

Introduction 

Any measurement of the radioactive content of a human, regardless of the type 
of human counter, will contain an inherent uncertainty because internal absorption 
and scattering of the gamma rays is unavoidably greater in some subjects than in 
others. The magnitude of this inherent uncertainty will depend on the type of 
counting system, because body build and the location of the isotope vithin the body 
will make more difference in some systems than in others. This report evaluates 
this inherent uncertainty by comparing the results obtained on the same subjects 
with several types of gamma-ray spectrometer. 

Different-sized crystals are used with some of the counting systems so that the 
sensitivity (detected counts/min per pc in the body) of counters that employ arrays 
of either small or large crystals can be compared with those that use single large 
crystals. 

Criteria for the design of a practical human whole-body counter 

Whether a total-body counter is designed to  provide high sensitivity but relatively 
poor accuracy or high accuracy but poor sensitivity will depend upon its ultimate 
use. The first dass of counter would be selected to  measure, for example, the natural 
radium content of large populations. Accuracy in an individual measurement 
would not be important, while sensitivity would be essential, because of the small 
amount of radium present and the great number of people to be measured. The 
second class of counter would be used in studying human metabolism of administered 
isotopes, etc. The emphasis in all discussions in this paper will be on accuracy, 
sensitivity being of only secondary interest. 

If reliable and reproducible total-body measurements are to be made, a counter 
should be designed to satisfy the following specifications, listed in the order of 
importance. 

(1) The sensitivity of the counter should not depend upon the subject’s body 
build or  upon the distribution of the material within his body. This is very 
important, since actually no radioactive material is uniformly distributed 
throughout the body. Even the normally occurring potassium is distributed 
differently in two subjects of the same size and weight. While it may be 
practicable to administer tracer quantities of short-lived isotopes to a limited 
number of subjects to calibrate the counter initially, administering a tracer 
to each and every subject is too expensive in both time and effort. 
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(2) It should be possible to calibrate the counter with reasonable accuracy by 
using an appropriate phantom, since i t  is not feasible to administer tracer 
quantities of long-lived isotopes (e. g., alkaline earths) to humans. This re- 
quirement, when analysed, is basically a restatement of the first specification. 
In general, a phantom loaded with radioactive sources can only roughly 
approximate the actual distribution within the body. Also, since the same 
calibration is used for all subjects, any dependence of the counting-rate on  
distribution definitely introduces an error into each human measurement. 

(3) The sensitivity (number of counts detected per pc ‘in the body) should be 
high, in order to minimize counting times. 

(4) The position of the subject and of each crystal should be the same for all 
total-body measurements, regardless of the subject’s body build. An un- 
assessable error will result if the technician is required to judge the optimum 
placement on the detectors for each subject. Furthermore, experience has 
demonstrated that it is advisable, if possible, to keep the detectors entirely 
unmoved, unless some positive mechanical arrangement is used to lock 
the crystal into exactly the same position.each time it is replaced. Since errors 
from incorrect crystal placement are not detected by the routine checks 
of the equipment and since it may not be possible to repeat a measurement 
at a later date, it is false economy to use a crystal holder that does not lock 
precisely into the standard positions. 

(5) Naturally the counter should have such other’ properties as good energy 
resolution (so that the various isotopes present can be identified), good 
energy stability and low gamma-ray background. 

The first specification listed is the most important. Unfortunately, it is no t  
possible to determine theoretically the degree to which a counting system satisfies 
it. This can be determined experimentally by using the counter to measure a large 
group of subjects who contain kno\vn amounts of radioactivity. 

Whole-body counting techniques evaluated 

GENERAL DESCRIPTION 

In order to evaluate the inherent uncertainty present in the measurements made 
with different types of whole-body human spectrometer, each type was used to 
measure (a )  a group of 28 patients who contained known amounts of Ka2; and (I?) 
a group of 10 patients who had received radium-226 intravenously 30 years earlier. 
These two groups of patients \yere chosen because potassium, an alkali metal, 
concentrates mainly in the muscle mass of the body and radium, an alkali earth, 
concentrates in the skeleton. Obviously, the distribution of these two elements 
within the body will be quite different. A considerable collection of data is given 
in tabular form in order to provide interested persons with at least some experi- 
mental data that may be used as a guide in the future. These data are particularly 
valuable because the same subjects were measured with various techniques. Thus, 
when measurements made with one technique demonstrate large inherent uncertain- 
ties that were not present in measurements made with other techniques, these 
uncertainties can definitely be attributed to a property of that counter technique. 

The various relative positions of patient and crystals will be described first. The 
gamma-ray spectra of the patient were obtained (a) with the “tilting chair” technique, 

. 



(0)  with the 1.75-ni-arc technique, (L) with a 3-inx5-in NaI(Tl) crystal a t  the small 
o f  the back, (d) with a different 3 - i n ~ 5 - i n  NaI(T1) crystal mounted under the seat 
of the tilting chair, and (e)  with NaI(T1) crystals of various sizes located at diflerent 
points along the patient. Each subject was measured in the “tilting chair” and with 
at  least one other technique. 

TILTING-CHAIR TECHNIQUE 

This technique has been discussed in the literature [l]. Briefly, the patient sits 
in a typical position relative to the chair, but the chair is tipped backward so that 
the back of the chair is 35 from the horizontal. A NaI(T1) crystal is placed above 
the chair, approximately over the patient’s trochanter. The height of the crystal 
is adjusted so that the perpendidar  distances from the back of the chair to the 
centre of the face of the crystal and from the seat of the chair to the face of the 
crystal are 42 cm. The dimensions of the crystals so used were (diameter x height): 
4 i n x 4  in, 8 i n x 4  in, 9 i n x 4  in and 11.5 i n x 4  in. 

3-inx5-in NaI(T1) CRYSTAL AT THE SMALL OF THE BACK 

A 3-in x 5-in NaI(T1) crystal was mounted behind the back of the “tilting chair” 
discussed above. The axis of the crystal was parallel to the patient’s spine and was 
placed 14 cm.from the back surface of the patient. The bottom of the crystal was 
21 cm and the top w;?s 34 crn above the plane of the chair seat. The distance from 
patient to crystal was well established and reproducible, since the gamma-ray 
measurernqnts were made with the chair tilted. 

3-inx5-in NaI(T1) CRYSTAL UNDER THE SEAT 

Another 3-in x 5-in NaI(T1) crystal was mounted under the seat of the tilting chair. 
The axis of the crystal was set at right-angles to the patient’s femora and tibia, 
16 cm below the seat of the chair and 14 cm from the calf of the leg. The positions 
of the crystals for the three techniques discussed above are shown in Fig. 1. 

1.75-m-ARC TECHNIQUE 

An 8-inx4-in NaI(T1) crystal was suspended 2 m above the floor in the centre 
of human spectrometer No. 2. The patient was placed first in a supine and then 
in a prone position on an air mattress that was supported on an arc of 1.75-m radius 
in such a fashion that the distal surface of the patient is 1.75 m from the centre of 
the crystal face. (See Fig. 2.) The patient’s arms lie at his sides. The distal surfaces 
of the patient’s head, chest, stomach, arms, thighs and feet are all at the same distance 
from the crystal. The gamma rays emerging from these volumes are counted with 
the same efficiency, independent of the subject’s height. 

The measurements made with this arrangement are considered to be absolute 
in the sense that variations in counting-rates per microcurie in the body can be 
attributed to intrinsic differences in internal absorption and scatter in the patient. 



86 C .  E. MILLER 

Fig. 1 
Experimental set-up illustrating three of the crystal-to-subject arrangements discussed in this paper 

Fig. 2 
Schematic representation of the crystal-subject arrangement in the 1.75-marc technique 
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MU LTIPLE-CRYSTAL AR RATS 

Qpe  oije 

A series of measurements was made with a single 9-inx4-in NaI(T1) crystal 
located at various positions along the patient's body in order to synthesize the spec- 
trum that would be obtained with a multiple-crystal array. (See Fig. 3.) The subject 

I 2 3 4 5  6 7 CRYSTAL POSITIONS 
73.5 49 24.5 C 24.5 49 73.5 cm FROM CENTRE 

I I 

1 ,/) 30 cm 
h^ n 

A -  
10 cm 
7 
-CRYSTALS 

Fig. 3 
Schematic illustration of the various locatio& at which the crystal was placed relative to the body 

in order to evaluate the merits of a multiple-crystal array 

\vas placed on an air mattress supported by a thin metal bed, first in a supine and 
then a prone position. The face of the crystal was positioned over the mid-line of 
the patient and 30 cm- above the surface of the bed for one series of measurements 
and 40 cm above the surface of the bed for the second series. The crystal was located 
at seven equally spaced points 24.5 cm apart along the length of the patient. The 
patient was placed so that the centre crystal was exactly half-way from the top of 
his head to his malleolus lateralis'(ank1e bone). In keeping with the philosophy that 
the technician should not select the crystal positions to correspond to the height 
of each subject, the crystals were used in the same positions for all patients. 

After taking the spectra at each crysta! position with the subject in a supine 
position and the crystal above him, the subject was then placed in a prone position 
and the gamma-ray spectra were obtained at these same 14 positions over his back. 

Qpe  wo 

The response of an array of crystals under the bed with the patient supine would 
difYer from that obtained with an array over the prone patient. When the 
patient is in the prone position with the crystals above him, the distance from crystal 
face to patient varies from crystal position to crystal position. With the patient 
supine and the crystals set at a fixed distance under the bed, all crystal faces would 
be the same distance from the proximal body surface, since the position of the back 
surface of the patient is fixed by the surface of the bed. In  order to determine 
whether a combination of crystals above and below the subject might yield a counting- 
rate that would be independent of the subject's thickness, the following series 
of measurements was made. 

The thin metal bed was replaced with a sheet of lucite 0.75 in (1.9 cm) thick. The 
patient was placed in a supine position directly on the lucite. The air mattress 
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and air pillows were eliminated so that the subject’s position was fixed. Appropriate 
lines were scribed on the lucite to aid in lining up the crystals and the patient. 

The 9-inx4-in NaI(T1) crystal was placed at the same seven positions length- 
wise along the subject, 30 cm and 36 cm above the subject and 10 cm and 20 cm 
below. All distances were measured from the top surface of the lucite to the face 
of the crystal. 

Measurements were made at  the positions 30 cm above nvo patients with a 
4-in x4-in crystal, an 8-in Y 4-in crystal and an 11.5-in x4-in crystal. 

Only one crystal was used for the above measurements because using four crystals 
simultaneously would have required either (1) mixing the four outputs with a 
mixer circuit and then sorting the pulses into a single composite spectrum, with 
the result that the individual spectra would have been lost; or  (2) it would have 
been necessary to use the appropriate circuit (which is built into the analyser) to 
sort the output of each crystal into a different quarter of the memory of the analyser. 
The electronic difficulties of matching the resolution of four individual crystals 
and of calibrating the four crystals were avoided by using the single crystal. 
More reliable data were obtained by making a series of measurements with the same 
crystal and then, in the case of K“, correcting the magnitude of each spectrum 
for radioactive decay over the time interval of the measurements. 

Treatment of data 

The pulses from the NaI(T1) crystal and photomultiplier were amplified and sorted 
according to pulse height with a 256-channel magnetic-memory type of pulse-height 
analyser. The gain of the analyser was adjusted so that the 256 channels covered 
the energy span from 0 to 3.175 MeV. Each channel was thus 12.4 keV wide. 
After each measurement was completed, the data accumulated in the magnetic 
memory were punched, one channel at  a time, into conventional seven-channel 
paper tape used with computers. The data on the punched tapes were then analysed 
by the Argonne National Laboratory computer called “George”. 

The computer was programmed to divide the data on the punched tape b>- the 
length of time of the measurement in order to obtain the counting-rate, then to 
subtract the background, and finally to print out the integrated number of counts 
that occurred in any selected groups of channels. When discussing KA2 data, this 
paper will refer only to the integrated net counts in the two energy bands used to . 
calculate a subject’s normal K content. The counts in the channels that covered 
the energy band from 775 keV to 1.275 MeV were used, since these counts represent 
scattered K40 and photons. The counts in the channels that covered the energy 
band from 1.375 MeV to 1.625 MeV were used to measure the primary gamma rays, 
from KJ2 (1.52 MeV); and an energy band from 1.325 MeV to 1.575 MeV was used 
when measuring the subject’s net K40 (1.46 MeV). The net counts in each group 
were corrected (by use of a hand calculator) for the subject’s excretion and for 
the decay of K42 so that the data of cne subject could be compared to another. 

Four energy bands were used when analysing the data obtained from the radium 
subjects. These bands cover the spans from 275 to 375, 525 to 675, 775 to 1275, 
and 1575 to 2575 keV. Several energy bands were used to determine whether 
the effect of internal absorption or  distribution could be decreased by using a par- 
ticular band. 
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Presentation of K42 data 

The form in which the data in  this paper are presented \\‘as selected to emphasize 
the differences in detection efficiency for subjects of different body builds. T h e  data 
are presented in one of two yays. In the first, the counting-rates (suitably corrected 
for decay and elimination) yielded by the patients in a series are averaged and then 
the percentage by which a subject’s own rate exceeds or falls below the average 
is given. With the second form, the patient’s corrected counting-rate was divided 
by the counting-rate observed when a bottle containing the exact quantity injected 
was counted while positioned on a tray exactly 40 cm below the crystal. The first 
type of analysis is used when the deviation from the average.found with a crystal 
of one size is compared with that found with a crystal of different size in a different 
position. The  second type of analysis is used to permit an intercomparison between 
the data from two groups of patients observed with the same crystal, even though 
the patients in the two series received different quantities of K42. 

Inherent uncertainty when measuring alkali metals 

THE TILTING-CHAIR TECHNIQUE, THE 1.75-m ARC, AND THE 3-in ~ 5 - i n  CRYSTAL 

.iT THE SMALL OF THE BACK 

Table I presents the data obtained from two groups of six patients, listed separately 
since they received different amounts of Ka2. The patients in each group are listed 
in the order of increasing weights. Each patient’s weight, height, and age are given. 
In addition, his average weight per inch of height is given to see if deviations from 
the average can be correlated with height, weight, or a combination of both. 

Each patient’s gamma-ray spectrum was measured in human spectrometer No. 2 
with the 8 - i n ~ 4 - i n  NaI(T1) crystal No. 2 and the 1.75-m-arc technique. He \vas 
measured first in the supine and then in the prone position. The patient then 
moved to human spectrometer No. 1, where his gamma-ray spectrum was measured 
with the 8-inX4-in NaI(T1) crystal No. 1 and the tilting-chair technique. After 
each patient had been measured with both of the above techniques, he was remeasured 
in the tilting chair. The patients in the first group were also measured with a 
3-in x 5-in NaI(T1) crystal at the small of the back during the second series of tilting- 
chair measurements. The pulses from each of the three crystals were analysed 
with the same 256-channel pulse-height analyser. 

The photopeak data from the tilting chair will be examined first. Within each 
group (Table I), the counting-rate from the bottle of K42 is given in the first line, 
the average counting-rate from the six patients is given in the second, and the ratio 
of the counting-rate from the bottle to that of the patient average is given in the 
third. The agreement between the ratios of the two groups demonstrates that 
the detection efficiency of the tilting-chair technique was the same for both series 
of measurements. The percentage deviation of each patient’s own counting-rate 
from the average is given next. 

Within limits, the percentage deviation depends on the patient’s weight; thus 
the four patients who weighed between 130 and 140 lb counted from 0.5 to 5.2% 
above the average, the five patients who weighed between 150 and 160 lb counted 
within 2% of the average, and the three patients who weighed between 180 and 200 lb 
counted from 3.5 to 4.5q4, below the average. 
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oily because of the larger number of counts and thus the bitter statistical average, 
but also because of the smaller dependence on body build. Unfortunately, only 
those counts that fall under the photopeak can be used when measuring the small 
amounts of any other isotope in the body if the energy of the gamma ray is less 
than that of normal K40 (1.46 MeV). Thus. the deviations found for the K photo- 
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Although there is no correlation bctu.een the patient's height or weight and his 
counting rate in the Compton-energy band (775-1275 keV), it is signilkant 
that there is considerably less deviation from the average in the Compton-energy 
band than in the photopeak band. Greater accuracy will be achieved when measuring 
a patient's normal K content if the counts from both energy bands are used, not 

peak are more representative of the accuracy that can be attained in practice than 
are those for the Compton band. 

The data obtained with the 1.75-m-arc technique will be discussed next. The 
subject's anterior and posterior counting-rates were averaged and the percentage 
deviation of his average value ffom the average of the total group of patients was 
listed. In  general, these deviations follow the same trend as those obtained with 
the tilting ;hair. Except for subject 12, the subjects counted about the same amount 
above or below the average with both techniques. Also, the over-all spread of 
values is as wide (+2.8% to -6% on the 1.75-m arc, as compared with +5.2% 
to -4.3% with the tilting chair). This correlation indicates that the variations 
in counting-rates observed with the tilting chair are due mainly to differences 
in internal absorption in the human body and not to differences in height or 
musculature. 

On the 1.75-m arc, the subject's posterior counting-rate is always higherthan hsi 
anterior counting-rate. (Last two columns of Table I.) 

Because of its lack of sensitivity, the 1.75-m-arc technique would be used only 
if a subject contained a relatively very large quantity of activity or if the activitywas 
concentrated in some linited volume of the body. The tilting chair provided a 
counting-rate about 11 times as high as that of the arc. 

The data obtained with the 3-inx5-in NaI(T1) crystal located at the small of the 
back are given in Table I. The smaller subjects counted as much as 12% above 
the average, while the heaviest subject counted 15% below theaverage. The counting- 
rate per microcurie in the body varies greatly between subjects of the same height 
and weight. A 5% difference is noted between subjects 5 and 6 and a 10% difference 
among subjects 11, 13 and 14. Thus, this technique cannot be used to measure 
a subject's body content of natural Kunless the subject is given a calibrating tracer. 
Additional' data given in a later section will further support this conclusion. 

REPRODUCIBILITY OF TILTING-CHAIR MEASUREMENTS 

The data obtained from a third group of six K42patients can be used to demonstrate 
the reproducibility of measurements made with the tilting-chair technique. Each 
patient, in turn, was seated in the tilting chair and measured first with the 8-in ~ 4 - h  
crystal and then-with the 9-inx4-in crystal. The patient did not change position 
between these two measurements. After all patients had been measured once, 
each one again entered the room, was repositioned and remeasured with the 8-in x 4-in 
crystal only. The following day they were seated in the tilting chair and measured 
with both crystals. Since the patients did not change position between the measure- 
ment with the 8-in x4-in crystal and the corresponding one with the 9-in x 4-in 
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crystal, any changgs in counting-rates caused by postural changes should be reflected 
in both measurements. 

The data are given in Table 11. The counting-rate from each subject was corrected 
for decay of K42 but not for the amount excreted. The first line gives the average 
counting-rate for each series of measurements and the second gives the percentage 
by which each patient’s rate exceeded or fell below this average. Since the data 
have not been corrected for excretion, the individual percentage deviations from 
the mean do not necessarily reflect variations due to anatomical differences only. 

On the average, the counting-rate in the photopeak with the 8-in x 4-in crystal 
was 1.3% lower during both the second and third series of measurements than during 
the first set. The counting-rate in the Compton band was 1.6% lower during the 
second series and 0.2% higher during the third series. In excellent agreekent 
with these values, the average counting-rate with the 9-in ~ 4 - i n  crystal was 1% lower 
in the Compton band and 0.8% lower in the photopeak for the third series of measure- 
ments than for the first series. 

The reproducibility is even more remarkable if the data on an individual subject 
are considered, since they include individual variations in excretion. Subject 30, 
who showed the largest variation of all, gave a counting-rate 0.7% less than the 
average of the first series of measurements, 1.3% above the average of the second 
series, and 0.90/, above the average of the third set. Thus, his counting-rate fell 
within &lyo of the same average each time. The counting-rates of the rest fell 
within &0.5./. 

A comparison of the data taken on the same subject with the 9-in x 4-in crystal 
with those taken with the 8-in x 4-in crystal demonstrates that the reproducibility 
is independent of crystal size. For example, subject 29 gave a counting-rat: that 
was 1.0% higher in the Compton band and 6.2% lower in the photopeak than the 
average for the group, when measured with the 8-in x 4-in crystal. This same subject 
yielded a counting-rate which was 1.2% higher in the Compton band and 5.8% 
less in the photopeak than the average counting-rate for the group when measured 
with the 9-inx4-in NaI(T1) crystal. This agreement between the data taken with 
the two crystals demonstrates that the fact that subject 30 yields a counting-rate 
below average in the photopeak and above average in the Compton band is real 
and due to some anatomical difference between him and the others. 

3-inx5-in NaI(T1) CRYSTAL UNDER THE SEAT 

The six patients in the group discussed above uere also measured with the 
3-in x 5-in crystal mounted under the seat of the tilting chair. These data are also given 
in Table I1 to afford a direct comparison between the tilting-chair technique and this 
technique. Three patients (30, 19 and 4) gave counting-rates which were from 0 to 
3% above the average with the tilting-chair technique. These same three subjects 
gave counting-rates which were 10% above, 9% below, and 12.5% above the average 
counting-rate for the group measured with the 3-in x 5-in crystal under the seat. 
Since these variations are due to anatomical differences between the subjects and 
not to changes in the position with respect to thk crystal, it is evident that this is 
not the most practical way to measure the subject’s radioactive content. 
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Crystals a5ovc supine or prone suljects 

Measurements were made on six patients in the supine and prone positions to 
obtain experimental data for use in evaluating and designing multiple-crystal array.  
The patient was first placed in a supine position on an air mattress on a bed. The 
9-inx4-in crystal was positioned over the mid-line of the subject with the crystal 
face 30 cm above the surface of the bed. The subject’s gamma-ray spectrum was 
measured with the crystal over the subject’s mid-line at seven different equally-spaced 
positions along the length of the subject. The subject was positioned so that the 
point half way from the top of the subject’s head to his ankle bone was directly 
under the centre position of the crystal. The same crystal positions were used €or 
all subjects regardless of their height. The crystal was then raised so the crystal 
face was 40 cm from the surface of the bed and the measurements repeated. The 
patient then turned over to the prone position and the fourt’een measurements 
were repeated. 

Data presentation 

Since the different groups of subjects received different amounts of Kd2, the 
data were analysed as follows. The same volume of K42 as had been administered 
to each of the patients in a group was diluted into 405 g of distilled H,O. This 
bottle of K42 was counted while located exactly 40 cm below the crystal. The count- 
ing-rates from both the bottle and the human were corrected for radioactive decay 
and the human data were corrected for the amount excreted. The human counting- 
rates, in tu70 energy bands, were then divided by those observed in the same tlvo 
energy bands from the bottle. These ratios have been designated “relative counting- 
rates”. . 

The appropriate factors to convert the “relative counting-rates” into “counts 
per minute per gram of normal K in the body” were determined by counting, 
in exactly the same position and under the same scattering conditions as the Ka2, 
a bottle that contained a known amount of KOH. These factors were 0.68 for 
the Compton ratio and 1.26 for the photopeak ratio. The relative rates are given 
in the tables, since the results are not restricted to K but are typical of those that 
would be observed when othei alkali metals, which go to soft tissues, are given 
to the human. 

Counting-rate at different  position^ 

These ratios obtained with the crystal 30 cm above the bed are given in Table 111, 
and the ratios with the crystal 40 cm above the bed are given in Table IV. 

The photopeak ratios (subject/bottle) for subject 9 were plotted (Fig. 4). Subject 9 
gave a counting-rate about 15% higher when the crystal was positioned over the 
back than when it was over the chest (crystal position 2). The same effect was 
noted when the crystal was positioned 40 cm above the bed. The counting-rate 
from the posterior and the anterior were about the same when over the centre posi- 
tion. The anterior reading over the thighs is about 6% higher than the corresponding 
posterior measurements. The anterior and posterior counting-rates over the shins 
(position 7) are about equal, but only about a quarter of that at position 3. 

I 0 9 9 1  I 1  
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CRYSTAL POSITTION 
1 2 3 4 5 6 7  

P 
4 
4 
t 

DISTANCE FROM CENTRE POSITION (an) 

Fig. 4 
Relative photopeak counting-rates observed at seven different crystal positions 30 cm and 40 cm 

o n  the ordinate scale denotes the counting-rate of the crystal when it is placed at 40 cm from a 
405crns bottle containing the same amount of K'* as the patient, duly corrected for decay and 

I 

i . above a patient containing K'2. The patient was counted supine (front) and prone (back). Unity 

, excretion (see text). 

Subject 9: 
30cm: front ~ back . . . . . . 
40cm: front - - - - - - back ---.- f ' 

CRYSTAL POSITION 
1 2 3 1 5 6 7  

E 1.0 
2 0 9  

0 0.8 z ; 0.7 5 0.6 

0 5  : 0 4  
+- 
U 0.3 

0.2 

at 

a ns L ~ O  2c5 c 245 e o  n.5 

Fig. 5 
Relative photopeak counting-rates observed on  two different dates at the seven crystal positions 
30 cm and 40 cm above the same K42-containing patient. The patient was counted supine (front) 

and prone (back). Ordinate units as in Fig. 4. 
Subject 9: 

front ___ 

DISTANCE FROM CENTRE POSITION tcm) 

2 November 1960: front - - - back - .-.- 
7 December 1960: back . . . . . . 

The same subject was given K42 a month later and the measurements repeated 
(Fig. 5). Although the curves have about the same shape, it appears that the sub- 
ject might have been positioned about 3 cm farther toward the foot of the bed 
when measured in the supine position. 

The relative counting-rates, at the different positions for subjects 4and 19, are shown 
in Fig. 6. The distribution of K along the length of the body is considerably different 
in these two subjects. Subject 4 gave almost the same counting-rate from the poster- 
ior as from the anterior position. In general shape, the curves of subject 4 match 

7 \Vhole-Body Counting 
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CRYSTAL POSITION 
1 2 3 L 5 6 7  

W 

d 

c) z 

z 
0 U 

W 

2 

i= 

P 
’4 
W a 

73.5 19.0 2c5 c zcs 490 73.5 

DISTANCE FROM CENTRE POSITION Ccm) 

Fig. 6 
Relative photopeak counting-rates observed at the seven crystal positions 30 crn and 40 crn above 
two patients containing equal amounts of K‘2. The patients were counted while supine and prone, 

Ordinate units as in Fig. 4 
Subject 4: front - - - back -. -. 
Subject 19: front ____ back . . . . . . 

those of subject 9 (Fig. 4) except that subject 9 yielded a considerably higher count- 
ing-rate from the posterior than from the anterior position. The curves on subject 19, 
on the other hand, demonstrate not only the difference between front and back, 
but also a higher counting-rate at positions close to the head. Subject 19 was 5 cm 
taller than subject 9 and 10 cm taller than subject 4. This would have shifted sub- 
ject 19’s curve 2.5 and 5 crn respectively toward the head as compared with subjects 3 
and 4. 

Deviations between suljects with differcnt c ~ s t ~ l  arraTs 

A particular crystal array will be chosen on the basis of three considerations : 
(1) cost; (2) sensitivity, i. e., the length of time necessary to achieve a stated number 
of counts; and (3) the lack of dependence of counting-rate on body build. To 
evaluate the different crystal arrays, the relative counting-rates of various corn- ’ 
binations of crystals- were added together. See Table V. The crystal positions 
selected are listed at the top of each column. The average relative counting-rate 
for the group of patients for each combination of crystals is given in the first three 
lines. The percentage by which each patient’s relative counting-rate exceeded or 
fell below the average is given next. The second set of data on subject 9 was not 
used when computing averages, since this would have weighed the average in favour 
of his particular build. 

When an equal 
number of crystals were used both front and back, the first two subjects gave count- 
ing-rates 4 to 5% above the average, the third gave counting-rates about 2% 
less than the average and the last subject gave a counting-rate 7 to 8% less than the 
average. The percentage deviation is only slightly less if the relative counting-rate 
in the Compton band is considered. The surprising fact is that the same percentage 
variation from the average occurs with any arrangement of three or more crystals. 

The relative counting-rates obtained with each subject in the tilting chair are given 
in the right-hand columns. These subjects yielded relative counting-rates with the 
tilting-chair technique which varied only 3% from the average but which varied 

Consider first the relative counting-rates in the photopeak. 
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from to -7% from the various crystal arrays. The second measurement o n  
subject 9 gave a value about 3% lower than the first measurement, both with the 
tilting chair and with the multiple-crystal array. This agreement between the tilting 
chair and the multiple-crystal array proves that the change is real and due to some 
anatomical difference. It is significant that this subject had been given medication 
to reduce his potassium content during the month between the two-measurements. 

The counting-rates that would be observed from the normal K content of the body 
with these crystal arrays is given at the bottom of the table. Although high sensitivity 
is realized, a large uncertainty would hare to be attributed to all measurements, 
unless each subject is given a calibrating tracer. 

The data obtained with the crystals 40 cm above the bed were analysed in the same 
manner. The data from five subjects are given in Table VI. The relative counting- 
rates exhibit the same spread as observed with the crystal 30 cm above the bed; 
the subjects simply yield a counting-rate 71% of that obtained with the same number 
of crystals located 30 cm above the bed. The fact that the counting-rate obtained 
at 40 crn from the bed is simply 71% of that observed at 30 cm demonstrates that 
staggering the heights of the various crystals cannot eliminate the deviation in 
counting-rates due to the anatomical diAerence between subjects. Thus, if multiple- 
crystal arrays are used, the crystals should be located as close to the bed as possible 
to  obtain the highest possible counting-rate, but far enough away to accommodate 
the largest subject to be studied. 

- 

Crytals  above atid below a supine patienf 

The data presented above could not be used to evaluate an array of crystals above 
and below the patient. The gamma-ray spectra obtained with the crystals above 
the prone subject are not the same as the spectra that would be observed with crystals 
beneath the supine subject. Thus, the gamma-ray spectra of ten patients were ob- 
tained with the following physical arrangement. 

The metal bed was replaced with a transparent sheet of lucite, 0.75 in thick, 
so the patient’s position could be viewed from below. The patient was placed in 
a supine position directly on the lucite to fix the position of his posterior surfaces 
with respect to the crystals under the bed. His gamma-ray spectra were then ob- 
tained with the face of the crystal 36 and/or 30 cm above the bed and 20 and/or 10 cm 
below the bed at each of the seven crystal positions discussed above. 

The data, tabulated as relative counting-rates at each crystal position, are given 
in Table VI1 for six subjects when the crystal face was 30 cm above and 10 cm below 
the bed. The relative counting-rates which would be obtained if various combina- 
tions of crystals were used simultaneously (Table VIII) were determined by adding 
the appropriate rates. The average relative counting-rates of the group of subjects 
with the crystal array 30 cm above and 10 cm below are given in the first two lines. 
The percentage by which each patient’s own relative counting-rate exceeds or falls 
below this average is then given. The percentage deviation is considerably less when 
any array of crystals is used above the bed than when the same array is used below 
the bed. Thus, greater uncertainty will exist if crystals are used both above and below 
rather than just above. Again, the percentage deviation does not vary greatly 
among the different arrays of crystals except for the array of two crystals over the 
chest and abdomen. 

The percentage deviations observed with the tilting chair are given in the last 
two columns. Except foi patient No. 1, the deviations observed with the tilting 
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CRYSTAL POSITION 

Fig. 7 
Net counting-rates observed at the seven crystal positions at specified distance above and below 

three supine patients. Ordinates normalized to equal body contents of_Kd2 
Subject 4 ___ Subject 2 . . . . . Subject 28 - -. 

chair are considerably less than those observed with the arrays of crystals. One 
fact is very significant. The counting-rate will vary greatly from subject to subject 
when crystals are placed a fixed distance fron the backs of subjects who contain 
the same amount of radioactivity. This is the same effect as that observed when 
a 3-in x 5-in crystal was mounted behind the tilting chair. 

The data obtained with the crystals 3G cm above and 20 cm below the bed are 
given graphically in Fig. 7. Except for crystal positions 1 and 7, the two counting- 
rates differed by a fixed percentage. Thus, the percentage variation due to differences 
in the distribution within the body is not reduced by changing the crystal position 
from 30 cm to 36 cm above the bed or from 10 cm to 20 cm below it. 

The data obtained on four patients who weighed over 300 lb are not given. The  
data obtained with patient No. 28 are given in Fig. 7. The average counting-rates 
observed from the heavy patients were about 60% of those observed from the 
thinner patients. Thus, much larger variations will occur if very heavy patients 
are measured. 

Selection of crystal size 

In order to determine experimentally the most economical utilization of sodium 
iodide crystals, a series of measurements were made on two subjects with crystals 
of various sizes. The two patients were first counted in the tilting chair with a 
4 i n x 4 i n ,  a 9-inx4-in, and an 11.5-inx4-in NaI(T1) crystal. They were then 
counted, in turn, in the supine position with each of the three crystals suspended 
30 cm above the lucite bed, and with the 9-inx4-in crystal 10 cm below the bed. 
Only the first six of the seven crystal positions shown in Fig: 3 were used with 
the 4-inx4-in and the 9- inx4-h crystals above the bed. All seven positions were 
used with the 11.5-inx4-in crystal above the bed and with the 9-in x4-in crystal 
beneath the bed. 
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Because of the great interest in this topic, the actual net integrated counting-rates, 
corrected for excretion and radioactive decay, in the three energy bands used to 
measure the potassium and caesium content of normal humans are given in Tables I S  
to XI. The data obtained with both subjects with the 4-inx4-in crystal are given 
in Table IX, those with the 9-inx4-in crystal in Table X, and those with the 
11.5-inx4-in crystal in Table XI. 

To determine whether the counting-rate increased linearly with crystal volume, 
the net counting-rate for the 9-in x 4 - h  and the 11.5-in x4-in crystals were each di- 
vided by the counting-rate observed with the 4-in x 4-in crystal. The ratios for each 
crystal position are given in Table XII. The 9-inx4-in crystal has 5.06 times, 
and the 11.5-inx4-in crystal 8.26 times, the volume of the 4-inx4-in crystal. I n  
the photopeak with the tilting-chair, the 9-in x4-in crystal gave 5.63 times the count- 
ing-rate of the 4-inx4-in crystal, and the 11.5-inx4-in crystal gave 9.3 times the 
counting-rate of the 4 i n  x 4-in crystal. This gain in counting-rate with crystal size is 
even more significant when the shape of the total gamma-ray spectra are considered. 
The three net spectra of this patient in the tilting chait were normalized to the 
same area under the photopeak: see Fig. 8, where it is clearly shown that the rela- 

0 0 5  10 15  

ENERGY (MeV) - 
Fig. 8 

Gamma-ray spectra obtained with three crystals over a subject in the tilting chair. The three K42 
spectra were normalized to the same area in the photopeak to demonstrate the differencein counting- 

rates at low energies 

h 
4- inx4-in crystal - - - - - - -  
9- inx4-in crystal . . . . . . 

11.5-in x 4-in crystal ___ 

tive number of counts in the Compton band is considerably less with the larger 
crystals than with the 4-inx4-in crystal. Thus the larger crystals are the obvious 
choice for the study of any isotope that emits a gamma ray whose energy falls below 
that of potassium. 

In order to compare the counting-rate from a group of 4-in x 4-in crystals placed 
along the subject with that from a single large crystal over the tilting chair, the counts 
observed at each of the six locations 30 cm above the bed are summed (Tables IX, 
X, and XI). The six crystals, whose total volume is 1.19 times that of the 9-inx4-in 
crystal, yielded a counting-rate 1.02 times that of the 9- inx4-h  crystal for patient 
No. 10 and 1.18 times that for patient No. 1. It is again obvious that a single large 
crystal used over the tilting chair gives more accurate and reproducible results 
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than does the same total volume of  sodium iodide in the form o f  smdl  crystals 
over the bed. 

These data were also analysed to see if the variations in counting-rate as a function 
of body build could be eliminated by the use of crystals of appropriate size. The 
ratio of the counting-rate from patient 1 to that from patient 10 is given for each 
crystal position (Tables IX-XI). Although different ratios exist for different 
crystal positions, the ratio is about the same for all three crystals for any particular 
crystal position. For example, consider the ratio between the counting-rates in 
the photopeak at position 4. The ratio is 1.11 with the 4-inx4-in ccystal, 1.23 with 
the 9-in x4-in crystal and 1.13 with the 11.5-in x4-in crystal. This similarity is shown 
to exist for all crystal positions by the graphical display of the counting-rates in 
Fig. 9. 

1375-1.625 M d  Band -1 

I 
‘ 1 2 3 C 5 6 7  

I 

CRYSTAL POSITION 

Fig. 9 
Photopeak and “Compton” counting-rates from three different-sized crystals placed at seven po- 
sitions 30 cm above two supine subjects containing K‘*. Ordinatcs normalized to equal radioactive 
burden. Note similar relationship of counting-rates in subject 1 compared with that of subjcct 10, 

NaI (Tl) crystals: 
1-11.5 in x 4  in 
2 - 9  i n x 4 i n  
3 - 4  i n x 4 i n  

Subject 1 - - - Subject 10 ___ 

regardless of crystal size o r  energy band. 

Analogously, with the tilting-chair technique the ratio of the counting-rate in the 
photopeak from patient 1 to that from patient 10 is 0.98 with the 4-in ~ 4 - i n  crystal, 
0.97 with the 9-in x 4-in crystal and 0.98 with the 11.5-in x 4-in crystal. This constancy 
of the ratio shows that the variation in counting-rate is due to the patient’s muscu- 
lature, etc., and cannot be eliminated by using a crystal of a particular size. 

Uncertainty in normal potassium measurements with the tilting chair with 
a n  8-in x 4-in crystal 

For the benefit of the numerous investigators interested in the normal potassium 
content of humans, it will be recalled that a patient’s body content, when given 
a trace of K42, is calculated with the equation 
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B D  
C E  

I: (grams) = A . - . -- , 

where, for a given energy band: 
A is the patient’s counting-rate observed; B/C is the mass (in g) of normal 

potassium in the standard divided by the counting-rate (counts/min); E is the 
net counting-rate observed from the K42 in the patient’s body; D is the counting- 
rate observed when a quantity of K42 equal to that in the patient is counted at  
the same position and in the same scattering mass as those used in counting 
the normal potassium standard. The factor (DIE), hereafter called g*, is the 
reciprocal of the relative counting-rates used heretofore in this paper. 
In what follows a normal patient’s potassium content is calculated for two energy 

bands. A Compton-energy band from 0.775 to 1.275 MeV and a photopeak band 
from 1.375 to  1.625 MeV are used. Typical spectra are given in Fig. 10. The quantity 

ENERGY (MeV1 - 
Fig. 10 

Typical K‘Oand Cs13’ gamma-rap spectra of two normal human beings on tilting chair. 11.5-in x I-in 
Kal(T1) crystal used. 

calculated from the two bands should agree within the standard deviations arising 
from the statistics of counting. If the two values fall outside these limits, the sub- 
ject’s spectrum should be esamined for the presence of another isotope. 

In Table XI11 are given the g-factors for both bands for all subjects and the average 
for the group is given at  the bottom. The percentage by which each subject’s 
g-factor exceeded or fell below the average is given in the column following each 
g-factor. The average of these two errors is given in the right-hand column. This 
average, of course, is the error that would have been committed if the average 
values of g had been taken in our computations. 

Our findings show that when subjects weighing between 100 and 220 lb are 
measured an uncertainty of 2.5% could be given to any potassium measurement 
with 67% confidence and one of 3.5% could be given with 90% confidence if both 
energy bands are used. It should be kept in mind that a larger uncertainty will be 
present in measurements of other isotopes, since only those counts falling under 

* The g-factor for patient 24 was not included in the average since the patient had curvature 
of the spine. 
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the photopeak can be used; thus, an uncertainty of 4% could be given with 60”,& 
confidence to a potassium measurement based on the photopeak only. 

In  the past, any discussion of a human-body counter involved a discussion of 
the length of time that the patient had to be counted to obtain, say, 2% statistical 
accuracy. Obviously, there is little point in striving for high statistical accuracy in 
a measurement that contains a greater uncertainty arising from other causes. 

TABLE Kt11 

GEOMETRICAL CONSTANT g CALCULATED FOR 28 SUBJECTS WITH T H E  
8-inx4-in CRYSTAL OVER T H E  TILTING CHAIR 

Compron band 

deviation 
from 

-_ 
Patient Weight Height Ib!in 

I 

Subjects weighing 100 to 299 lb 

No. 1 
No. 2 
No. 3 
No. 4 
No. 5 
No. 6 
No. 7 
No. 8 
No. 9 
No. 10 
No. 11 
No. 12 
No. 13 
No. 14 
No. 15 
No. 16 
No. 17 
No. 18 
No. 19 
No. 20 
No. 21 
No. 22 
No. 23 
No. 24 * 

111 
128.2 
130 
136.1 
137 
138 
140 
142 
145.5 
152 
152 
152 
155.2 
158 
158 
178 
180 
180 
184.5 
199 
200 
206.5 
210.1 
254 

67.7 
66.5 
66 
65 
65.5 
65 
72 
63 
65.5 
69.1 
66 
68 
63 
64.5 
73.2 
67.7 
71.5 
72.2 
69.5 
72 
65 
69 
73 
77.5 

Average 

1.64 
1.93 
1.97 
2.09 
2.10 
2.12 
1.94 
2.25 
2.22 
2.20 
2.30 
3.24 
2.46 
2.46 
2.16 
2.63 
2.52 
2.49 
2.66 
2.76 
3.08 
3.00 
2.88 
3.28 

1.544 
1.406 
1.399 
1.466 
1.405 
1.348 
1.384 
1.417 
1.422 
1.451 
1.346 
1.389 
1.393 
1.356 
1.399 
1.399 
1.405 
1.307 
1.368 
1.401 
1.411 
1.401 
1.330 
1.216 

1.398 

- 

+10.5 
+ 0.6 
+ 0.1 + 4.9 
+ 0.5 
- 3.6 
- 1.0 
+ 1.4 
+ 1.7 
+ 3.8 
- 3.7 
- 0.7 
- 0.4 
- 3.0 
+ 0.1 + 0.1 + 0.5 
- 6.5 
- 2.2 
+ 0.2 
+ 0.9 + 0.2 
- 4.9 
-13.1 

Subjects weighing over 300 Ib 

Photopcak band i 

1.835 
1.677 
1.673 
1.744 
1.752 
1,709 
1.696 
1.751 
1.779 
1.802 
1.73 1 
1.759 
1.794 
1.744 
1.723 
1.830 
1.801 
1.810 
1.710 
1.840 
1.854 
1.819 
1.726 
1.693 

1.763 

- 

No.25 313 69 4.54 1.341 - 6.0 1.951 
No. 26 335 68 4.93 1.457 + 2.2 2.385 
No. 21 343.6 69 4.98 1.450 + 1.7 2.277 
No.28 363 72 5.04 1.455 + 1.0 2.283 

1.426 2.224 

~ 

I Average 

-- 
+ 4.1 
- 4.9 
- 5.1 
- 1.1 
- 0.7 
- 3.1 
- 3.8 
- 0.7 
+ 0.9 
+ 2.2 
- 1.9 
- 0.3 
+ 1.7 
- 1.1 
- 2.3 + 3.8 
+ 2.1 
+ 2.6 
- 3.0 
+ 4.4 
+ 5.1 
+ 3.2 
- 2.1 
- 5.7 

+ 7.3 
- 2.2 
- 2.5 + 1.9 
- 0.1 
- 3.4 
- 2.4 
+- 0.4 
-t 1.3 
j 3.0 
- 2.8 
- 0.5 + 0.7 
- 2.1 
- 1.1 +- 2.0 + 1.3 
- 2.0 
- 2.7 + 2.3 + 3.0 
+ 1.7 
- 3.5 
- 9.37 

-12.3 - 9.1 + 1.2 1 + 4.7 

+ 2‘7 I + 1.9 

+ 2.4 + 2.1 

r : 

* Subject 24 was not included in average 



Inherent  uncertainty when measuring alkaline earths 

All of the data presented thus far \\.ere obtained u-ith the alkali metal K,  \vhich 
concentrates in soft tissue. Similar, or larger, inherent uncertainties are to be 
expected when the other alkali metals, such as CsI3; o r  KbRG, which emit gamma 
rays of lower energy, are present. 

These data cannot be used to evaluate the variations that will exist in measure- 
ments of alkaline earths, such as radium or calcium, which concentrate in the skeleton. 
First, the distribution of bone in the body is different from that of muscle, and second, 
alkaline earths are not taken up uniformly throughout the bone, but deposit selec- 
tively in the areas of bone growth. Thus, the total-body gamma-ray spectra 
of  a group of patients who had received Ra2*6 intravenously, at the rate of 
10 pc per week for from 9 to 36 weeks during 1931, were determined with various 
techniques. 

These patients were measured on the 1.75-m arc, in the tilting chair, with the 
3-in x 5-in crystal behind the back, and on the bed with a crystal placed at the seven 
standard positions both 30 cm above and 10 cm below the subject. 

1.75-m-ARC TECHNIQUE 

The  measurements on the ten patients with the 1.75-m arc, the tilting chair, 
and the 3-in x 5-in crystal are summarized in Table XIV. The patients’ code numbers 
are given on  line 1, their heights on line 2, and their weights on line 3. The number 
of injections of radium each patient received is given on line 4. The subject’s 
radium body contents as calculated from the 1.75-m-arc data are given on  line 5 
(when facing the crystal) and on line 6 (when facing away from the crystal). These 
values were arrived at by dividing the patient’s counting-rate by the counting-rate 
observed when a sealed I-pc radium source was buried in the centre of a pressed- 
wood phantom 14 cm thick and placed on the 1.75-m arc in the place of the patient. 

Whether the patient counted higher from the front or the back and the percentage 
are stated on  lines 7 and 8. Note that, although some subjects counted as much 
as 10% higher from the front than from the back, the opposite is true for others. 
This effect can only be due to differences in the distribution of either radium or  
bone within the subjects’ bodies, and is definitely not due to movement of the hands, 
legs, etc., nor is it due to changes in the relative position of the patient with respect 
to the crystal. A nurse was present inside the iron room during all measurements 
to make sure that the subject did not move. 

The front and back values found from the 1.75-m-arc data, given on lines 5 and 6, 
were accepted as the correct values. To afford a direct comparison between sub- 
jects, irrespective of their total body content, the counting-rates obtained with 
the other techniques were divided by this average value to give a calibration factor 
in counts per minute per pc of RaB and RaC (counts/min pc). 

Some comments on these techniques are in order. 

3-inx5-in CRYSTAL BEHIND THE BACK 

The calibration factors in counts/min pc obtained in the energy band from 25 keV 
to 1.55 MeV with the 3-in x 5-in crystal behind the back are given in line 9 and the 
percentage of the average for all patients in line 10. Although the nine subjects 

8 Whole-Body Counting 
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gave an average counting-rate of 22 000 counts/inin pc, note that subject 03--114 
yielded 44 600 counts/niin pc, or  202% of the average value, whereas subject 03---139 
yielded 10 800, or  49% of the average value. Thus an uncertainty o f  a t  Icast :I 

factor of two could exist in any Ra determination based solely on measurements 
with a crystal a t  the back of a sitting patient. 

TILTING-CHAIR RESULTS 

In order to simplify the table and the discussion, the number of counts obtained 
in four energy bands usually used to calculate body Ra have been added together. 
These bands, chosen to avoid Cs13’ and KIO peaks, are 75 keV and 375 keV, between 
525 keV and 657 keV, between 775 keV and 1.275 MeV, and between 1.675 MeV 
and 2.675 MeV. These individual totals, divided by their corresponding burdens 
as found with the 1.75-m arc, are given in line 11. The average of the ten totals 
is given in the right-hand column of line 11. Each subject’s total is given as a 
percentage of the average value in line 12. Note the extreme variations, namely 
that subject No. 03-101 yields 112% as many counts per ~c as the average and that 
subject No. 13-115 yields 91.4% as many counts per pc as the average. This 
is a definite improvement over the technique described immediately above. 

MULTIPLE-CRYSTAL ARRAY 

Because of the striking variations in their counting-rates, and in order to learn 
something about the distribution of Ra throughout the length of theic bodies, 
four patients were chosen for study with the 9-in x4-in crystal at each of the seven 
positions 30 cm above the bed and 10 cm below it. The counting-rates in  the 
525-675-keV band of the spectrum from each patient were normalized to 1 !LC 

by use of the radium content calculated with the 1.75-m arc and are plotted in  Fig. 11. 
These curves demonstrate that the distribution of radium in one patient’s body 
is completely different from that in another. A direct correlation can be observed 

1 
0 1 2 3 C 5 6 7  

CRYSTAL POSITION 

Fig. 11 
Counting-rate in 525475-keV band of 9-in x 4-in NaI(T1) crystal used in conjunction with four 
patients containing a normalized burden of 1 ILC Ra C. Patient supine on lucite table. Crystal placed 
at seven positions 30 cm above (front-F) and 10 cm below (back-B) top surface of lucite bed. 

Subjects: 
03-101 - - - - -  03-114 -.-.- 
03-121 ____ 03-125 . . . . . . 
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T A B L E  S V  

PERCENTAGE DEVIATIONS IN COUNTING-RATES IN DIFFERENT 
ENERGY BANDS 

Radium-bearing patient in supine position, normalized burden 1 !LC Ra C 

Subject ’ 

NO. 03-121 
4 ft 834 in 
100 lb 

NO. 03-114 
4 ft 9 in 
111 Ib 

NO. 03-101 
4 f t  l o i n  
116 Ib 

- -~ 

No. 03-125 
5 f t  Gin 
134 lb 

Crystals a t  poririons I 1-2-3-4--5-6-7 

Energy bands (kcV) I 275-375 

Average counts/min 

Average countslmin 
30cm above 

10 cm below 
- 

Crystals 30 cm above 
Crystals 10 cm below 

Crystals 30cm above 
Crystals 10 cm below 

62 725 

63 511 
.~ 

- 1.4 
$. 1.8 

+ 5.6 
+15.8 

Crystals 30cm above 
Crystals 10 cin below 

1 + 5.1 

i - 4.1 

Crystals 3O cm above 1 - 9.3 
Crystals 10 cm below 

5 2 5 4 7 5  

40 973 

40 870 

- 1.3 + 2.4 

___-  

+ 4.4 
+ 14.7 

+ 6.2 
- 3.1 

- 9.3 
-14.0 

775-1275 

35 775 

37 908 

- 3.3 + 1.9 

+ 6.5 + 15.7 

____ 
+ 6.7 
- 4.3 

- 9.9 
-13.3 

1575-2575 

17 932 

18 593 

- 3.3 
+ 3.0 

+ 5.2 
+15.0 

+ 8.5 
- 3.2 

-10.4 
-14.8 

between the counting-rates at position 3 and the results given in Table XIV for 
the 3-in x 5-in crystal. These curves also demonstrate that a large error will exist 
if a subject’s body content of any alkaline earth is measured with a limited number 
of crystals placed along the supine subject. There is no reason to assume that 
the distribution of any other alkaline earth in the body will be more uniformly 
distributed, particularly if received in a single injection. 

Using the data in Fig. 11 it is possible to calculate the uncertainties that would 
exist with other arrays of crystals. Thus, data obtained in the four energy bands 
mentioned earlier, as applied to an array of 7 crystals, are given in Table XV. The 
average counting-rate in each energy band for the four subjects is given first, followed 
by the percentage by which each subject’s own rate exceeds (+) or falls below (-) 
each average. It is apparent that each patient’s counting-rate deviates from the average 
by the same percentage, regardless of which energy band was used, and that, as 
with potassium, the variations observed with the crystals over the patient are less 
than those with the crystals under the patient. 

Since the same variations existed regardless of the energy bands, the data for all 
bands are not given for the other crystal arrays; only the representative counting- 
rates observed in the band from 525 to 675 keV are shown in Table XVI. The varia- 
tions observed with crystals at positions 1, 2, 3, 4, 5, 6 and 7 or  at positions 1, 7, 5 
and 7 agree with the variations observed with the tilting chair (last column). How- 
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PER-CENT DEVIATIONS I N  COUNTING-RATES WHICH RESULT W H E N  
DIFFERENT NUMBERS O F  CRYSTALS ARE USED 

Radium-bearing patient in supine position, normalized burden 1 :IC Ra C 

Subject 

NO. 03-121 
4 ft 8% in 
100 Ib 

I No.03-114 1 4 f t 9 i n  
, l l l l b  

1 No.03-101 

Crystals ar positions 

Energy bands (kcV) 

Average counts/min 

Average countslmin 
3Ocm above 

10 cm below 

Crystal 

Crystal 
30cm above 

10cm below 

Crystal 
30cm above 

I-2-3- 
4-5-6-7 

525-675 

40 973 

40 870 

- 1.3 

+ 2.4 

+ 4.4 
Crystal 

10 cm below : +14.7 

Crvstal 
4 f t  l o i n  

I-__.- 
I 
j 5 f t 6 1 n  i 1341b 

NO. 03-125 

1 

30cm above 

10 cm below 
Crystal 

Crystal 
30cm above 

Crystal 1 

lOcm below , 

I 6.2 

- 3.1 

- 9.3 

-14.0 

- 
1-3-5-7 1 2-4-6 

525-675 I 525-675 

___.___. 

- 

21 889 

21 583 

- 5.1 

- 0.8 

- 1.0 

+ 8.7 
__- 

+ 8.2 

- 2.1 

- 2.0 

- 5.9 

19 084 

19 288 

+ 3.2 

+ 6.0 
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ever, it may be that only a fortuitous selection of patients prevented the observation 
of larger variations with crystals a t  positions 1, 3, 5 and 7, since considerably larger 
variations are observed with crystals a t  positions 2, 4 and 6. 

Inherent uncertainty in measurement with a multiple-crystal array 

It can be seen by visual analysis of the multiple-crystal array that the total counting- 
rate will vary greatly as a function of the location of the material in the body, even 
if the assumption is made that the body is the same thickness and size along its 
entire length. This fact can be seen quite easily from Fig. 3. Assume that radio- 
activity is located directly under crystal No. 4, the centre position. Crystal 4 will 
detect the largest number of counts, because of its proximity to the&source. To a 
first approximation, crystal 3 u7ill detect the same number as crystal 5 but both 
will detect considerably less than crystal 4. The same can be stated for crystal 
pairs 2-6 and 1-7. Next assume that the activity is directly under crystal 1 (in 



118 C .  E. MILLER 

the patient’s head). ’The counting-rates of crystals 1, 2, 3 and 4 will correspond, 
respectively, to the counting-rates of crystals 4, 5, 6 and 7 under the above condi- 
tions. However, the counting-rates of crystals 5, 6 and 7 (second case) will be 
considerably less than those of crystals 1, 2 and 3 (first case). 

It is also obvious that the total counting-rate will vary as a function of the patient’s 
height. Consider again the counting-rate of crystal No. 4. The activity in the head 
and feet of a short person will be counted much more efficiently than that in the 
head and feet of a tall person, because of the different distances involved. Since 
the same reasoning can be applied to the counting-rates of any other crystal position, 
it follows that the counting-rate must vary as a function of the patient’s height. 
These €acts demonstrate that the distribution of radioactivity in a phantom used 
to calibrate the multiple-crystal array must be very close to the distribution in the 
human; otherwise, large errors will result. 

Theoretically, both of these effects can be reduced by extending the line of crystals 
beyond the head and feet of the patient. Unfortunately, these crystals will not be 
used very efficiently since their counting-rates will be quite low. 

Problems of calibrating a total-body counter 

The problems involved in calibrating a counter will be dealt with only briefly, 
since they have ben discussed elsewhere [l]. Naturally, the magnitude of the prob- 
lems will be greater when higher accuracy is required. 

The counter may be calibrated by administering known amounts of radioactive 
material directly to patients. While this method yields more accurate results than 
other methods, it is often not feasible either because of the chemical toxicity o r  
of the biological half-life of the element. For example, it is not possible to administer 
enough normal K to a human to calibrate the counter. In the cases discussed above, 

an isotope of the same element, was given to the subjects. When other isotopes 
of the same element are used, it is very important that the energy of the gamma 
ray be very close to that of the one being studied. An absolute error of about 2:/, 
exists in the K calibrations given in Table XI11 because of the higher absorption 
of the 1.46-MeV gamma ray from K40 than of the 1.52-MeV gamma ray from K42. 
The magnitude of this error would be considerably larger if the difference in energies 
were greater. 

If neither the element nor an isotope of the element can be administered to the 
patient, it is necessary to resort to the use of radioactively loaded phantoms. When 
a whole-body counter is calibrated by loading a phantom, an average calibration 
constant is assumed-if not for all patients, then at least for patients of one particular 
build. The dependence of counting-rate upon body thickness can be eliminated 
to some extent by using phantoms of different thickness. However, since the effective 
thickness of the body varies from the head to the feet,.such refinements are still 
only approximations. 

CALIBRATING THE TILTING CHAIR 

The tilting chair can be calibrated by using phantoms. The measurements pre- 
sented in Table I demonstrate that a constant ratio (within f2%) exists between 
the counting-rates of a K42-containing subject in the tilting chair and on  the 1.75-m 
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* The ratios in Table I for the photopeak band differed from those for the Compton band because 
they were obtained with two crystals whose resolution differed considerably. The average ratios 
between the two groups do  not agree because the resolution of the crystal used on the 1.75-m arc 
changed radically (because of the failure of one of its three photomultiplier tubes) during the weeks 
between the two groups of measurements. 
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arc. The same ratio exists for all energy hands from 300 keV up if the same crystal 
is used for both measurements*. hieasurements made with the same patients on 
the 1-m arc and the tilting chair have demonstrated that the average tilting-chair 
counting-rates are 3.9 times that of the 1-ni-arc counting-rates. This ratio has been 
found to apply to both Ra and K. 

The tilting chair is empirically calibrated as follows. A known quantity of the 
isotope present in the human is placed in the centre of a phantom 14 cm thick. The 
phantom is placed directly below the crystal with the distal face of the phantom 1 m 
from the face of the crystal. The calibration factor (in counts/min pc) is obtained 
by multiplying the observed counting-rate by 3.9 and by dividing it by the source 
strength. 

Experience has shown that calibrations with phantoms may lead to errors of 
+5y0 in measurements of alkali metals and of &loyo in measurements of the alkaline 
earths within the human body. It does not seem possible to calibrate the tilting 
chair in this fashion for materials which concentrate in specific organs, such as C060- 

labelled vitamin B,, and thorium or other colloidal solutions which go preferentially 
to the liver. 

Conclusions 

The choice of whole-body counter will depend upon the particular studies to be 
made. For certain studies, the tilting chair has advantages over other types of 
counter. These advantages are: (1) smaller inherent uncertainty (i. e., higher 
accuracy) in the measured value when an average calibration constant is used and 
the patient is not given a calibrating tracer; (2) greater ease and speed of operation, 
since only one crystal need be calibrated; (3) more reliable resuits, since mising 
circuits are not required; and (4) equal or higher counting-rate in the photopeak 
and considerably lower counting-rate at lower energies than those observed with 
multiple-crystal arrays if the same volume of NaI(T1) is used. This last advantage 
leads to more economical use of crystals. 

The advantages of the multiple-crystal array are that: (1) a higher total caunting- 
rate can be obtained if large crystals are used; and (2) something can be learned 
about the distribution of the isotope in the human if the outputs of the different 
crystals are sorted and recorded separately. 

The disadvantages of the multiple-crystal array are: (1) the longer time required 
to  calibrate the large number of crystals; (2) the relatively complex mixing and 
gating electronic circuits required either to add the various crystal outputs into 
one composite spectrum or to store the output of each crystal into a different 
section of the magnetic memory of the analyser; (3) the expense of the large crystals; 
(4) the large inherent uncertainty for measurements of alkaline earths unless several 
crystals are used; and (5) the greater possibility of a false indication of the presence 
of other isotopes as a result of a shift in the energy calibration of one of the crystals 
in the array. 

. 
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The main disadvantage of the multiple-crystal array, i. e., the large inherent 
uncertainty, will not exist in those studies in which isotopes are administered to 
patients, since the patients themselves will serve to calibrate the counter. However, 
the extra sensitivity of the multiple-crystal array is not always needed in  these cases. 

The one potentially important advantage of the multiple-crystal array is that 
it gives an indication of the distribution of activity in the body. This may be impor- 
tant in the study of the metabolism of different elements. However, to obtain this 
information, the counting-rate of each crystal must be determined. This can be 
accomplished by recording the total number of counts from each crystal (with 
either a scaler or a single-channel analyser) if only one isotope is administered to 
the patient. If two isotopes are administered at the same time, the actual spectrum 
from each crystal must be analysed and stored independently. This requires one 
multi-channel analyser for each crystal in the array or  an appropriate electronic 
network to sort and store selectively the output of each crystal in a particular section 
of a magnetic memory. 

Since the actual counting-rate observed from the patient increases at least in pro- 
portion to the crystal volume, the practicability of making four or  five separate 
measurements with one large crystal, e. g. with an 11.5-inx4-in crystal, instead 
of one simultaneous measurement with four 6-111 x4-in crystals, should be carefully 
considered. The total time needed to count the patient, except for the time to print 
out the data, will be the same if the total volume of NaI(T1) IS constant (assuming 
the crystals are the same thickness), and considerably less time is required to calibrate 
one crystal than, say, four. In practice, nloreo\Ter, adequate diagnostic information 
about the distribution of the element in the body can be obtained only by scanning 
the patient with a collimated crystal. All things considered, the most economical 
and versatile combination seems to be a single large crystal to be used both above 
the tilting chair for whole-body measurements, and at successive positions above 
the bed, preferably with a collimator for precise localization. 
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