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AN EXPERIMENTAL EVALUATION
OF MULTIPLE-CRYSTAL ARRAYS AND
SINGLE-CRYSTAL TECHNIQUES *

C. E. MiLLER
Rap1oLOGICAL Prysics DivISION
ARGONNE NATIONAL LABORATORY

ARGONNE, ILrINOIS

Abstract — Résumé — Annorannsa — Resumen -

An 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: (@) the 175-cm-arc technique,
(b the “Tiliing Chair” technique, (¢) the crystal at the small of the back, and (<) a crystal under
the chair of a seated person. In addition, various multiple-crystal arrays were cvaluated by placing
in turn, a single crystal at 7 equally spaced poiats 10 in apart along the body, at each of two heights
above and two distances below the supine subject.

The gamma-ray spectra of 2 group of 20 patients, containing known quantities of K*2, and a
group of 12 patients, containing Ra%?®, were obtained. The counting-rate from cach subject,
corrccted for excretion and decay in the case of K*%, was compared with the average for the
group to determine the magnitude of the variations that existed between subjects of different
body builds. To cvaluate 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 muitiple-crystal array greater sensitivities are possible than with the tilting
chair, the unceriainty involved is about twice that obtained with the tilting chair or the 175-em
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 it increases considerably
the technical difficulties.

Evaluation expérimentale d’ensembles a4 plusieurs cristaux et méthodes de mesure avec
un cristal unique. Cette étude a été entreprise pour déterminer la sensibilité de certaines géométries
des compteurs de lactivité du corps humain et évaluer les incertitudes résultant, dans chaque
cas, de Vutilisation d’un facteur d’étalonnage moyen pour des individus de méme taille et de méme
poids mais dont les autres caractéristiques anatomiques différent.

L’auteur a utilisé les méthodes de mesure suivantes, avec un seul cristal : 2) méthode de l'arc
de 175 centimétres, b) méthode de la chaise a bascule, ¢) cristal placé dans le creux des reins et 4)
cristal placé sous la chaise de la personne assise. De plus, il a étudié le comportement de plusieurs
ensembles 2 cristaux multiples en plagant un cristal unique en 7 endroits successifs distants de
10 pouces les uns des autres (25 cm environ) et situés, dans I’axe du corps en supination, sur quatre
plans horizontaux, deux au-dessus et deux en dessous du sujet.

L’auteur a obtenu les spectres de rayons gamma d’un groupe de 20 patients dont I'organisme
contenait des quantités connues de 2K et d’un groupe de 12 patients dont I'organisme contenait
du *"Ra. 1l a comparé le taux de comptage enregistré pour chaque sujet, corrigé pour tenir compte

* Work performed under the auspices of the United States Atomic Encrgy Commission.
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82 C. E. MILLER

de I'excrétion et de la désintégration dans le cas de 2K, au taux moyen enregistré pour le groupe,
afin de déterminer I'importance des écarts existants entre des sujets de constitutions différentes.
Pour évaluer de fagon plus approfondie les problémes d’étalonnage posés pour chaque ensemble,
'auteur a comparé les spectres des sujets aux spectres obtenus & partir de quantités connues du
méme isotope existant dans divers fantdmes.

Le systéme i cristaux multiples permet d’obtenir des sensibilités plus grandes que la méthode
de la chaise 3 bascule mais le degré d'incertitugde st environ le double de celui qu’on enregistre
avec cette méthode ou celle de I'arc de 175 cm. On peut éliminer cetee incertitude en administrant
4 chaque individu une quantité donnéec d’élément marqué; cependant, ceci n’est pas toujours
possible et doit étre évité car les difficultés techniques s’en trouvent considérablement accrues.

OKCHEPHMCHTANLHAA OHEHKL METOJMOB HCIHOAL3OBANNA MHOTOKPHCTAALHEIX M OO KPHCTAIb-
HLIX €HeTeM. OITo lcclefioBaniie OLUIO NPEINPINATO ¢ TeM, YTOOH YCTAHOBUTH YYBCTBIITCAbL-
HOCTh PA3NNUHBIX TeOMETPHii CYETUNKOB AKTIBIOCTI YeI0BEYEeCKOr0 OPraHu3Ma II OLEHNTDH
IETOYNOCTI, BO3HUKAWNKIE B KAKIOM CJyuae B CBSA3M C IICNOJH30BaHIeM cpefiHero koaddii-
neuTa KadMOPOBKU Yy JOfell, HMEIIIX OITHAKOBHIi POCT I BeC, HO OTAMYANMMXCA IO JPYIHM
ANATOMUYECKHM XapaKTCPUCTIIKAM.

Caenyoume METORH H3MEPEHH ICNOIL30BAMICK ¢ MOHOKPICTAAIOM: a) MeTol Ayrit 175 cx,
b) Meton «10BOPaYKBAIOLIEroCs KPecias, €) KPICTAII Ha IOAcHiIe it d) KPHCTaJl, PACHonomell-
upit NoJ KpecyioM, Ha KOTOPOM CHANT YeloseK. Kpowme Toro, onenupaince pasanyuble CIICTeMBI
CYETYNKOB € HECKONBKHMI KPHCTANAAMl, MOMENAR HO OYePCaH MOMOKPHCTalM B 7 paBHo 0T-
CTOSIMX APYT OF Apyra Mecrax na paccrodwint 10 qoifiMoB BRonL Tena, IpHYEM Kau bl pas
KpPUCTAJA pasMeniajes Ha ABYX PacCTOAMNAX BBCPX I JIBYX PACCTOAHNAX BHH3 OT Jekalilero
uesloBera.

Bunn nonyuenst cnexTpst raMMa-nanydenmia rpyuns 13 20 nanieHTos, cofepKALNIX I3BLCT-
HOe KOAMTeCTBO KaluaA-42, i rpymms n3 12 nmannenrtos, cofepsammx papnii-226. Cxopocts
cueTa y KasKJ0ro NAHeNTa, C KOPPEKIUCH Ha BHeele 1t PAcha] B ciIydae Kaans-42, cpapHiBa-
nach cO CpefHUM 3HAYEHNEM JJAd TPYNNL ¢ TeM, wTodb OnpejleanTh BeJUUYHHY OTKIOHEII,
CYHIECTBY IOLIAX Me:y NATMEeHTaMH ¢ pa3iniuusiM Tenocnoxennes. Jlanee, qna oneARn nmpodies
KaJOpOBKA, CBIBAHHBIX C KasKolt ClCTeMOll CUeTYIKOB, CNEKTPH OGHEKTOB CPaBHHBAIMCH CO
COEKTPaMH, NOJYICHHHMH C H3BECTHHIM KOJNYECTBOM TOTO 3Ke H30TOHNa B Pa3inyHnx oair-
TOMaX.

XoTs DpPH CHCTEME CYETYHKOB C HECKOJBKHMII KDIUCTANIAMH MOXKHO MOMYYNTh GOIBINYIO
4yBCTBATEJNBLHOCTh, 4eM C HOBOPAYHBAIOW{MMCA KpPecioM, OpHCYIHad STOI cHeTeMe HETOYHOCTDH
HpUMepHC B B4 Pa3a IpeBHIlaeT HeTOYHOCTH NpIL OBOPAYIBaOeMcs Kpecae 1 AyTe B175 cv. Ity
HETOTHOCTh MOYKHO YCTPAHHTH, BBEJlsl KAKIOMY HAILIeHTY N3BECTHYIO 03y MHAHKATODPA, OJIHAKO
9TO He BCerfia OCYNIECTBHMO 11 3TOTO CieNyeT 130erats, NOCKOJLKY 3HAUHTENLHO YBEIRINBAKTCA
TeXHHYECKHE TPYHHOCTH.

Una evaluacién experimental de los aparatos de cristal multiple y de las técnicas a base
de un solo cristal. El autor emprendi6 este estudio con el propésito de determinar la sensibilidad
de las diversas geometrias de los contadores de la actividad del cuerpo humano y de evaluar la
indeterminacién a que da lugar, en cada caso, el empleo de un factor de calibracién medio para
individuos de igual estatura y peso, pero que sc diferencian por otras caracteristicas anatémicas.

Se aplicaron los siguientes métodos de medicion, con cristal dnico: 4) el método del arco de
175 cm, b) el método de la “silla basculante”, ¢) el método del cristal en la regién lumbar, 4) el
método del cristal colocado debajo de Ia silla del paciente. Ademds, se analizaron varias disposiciones
de cristales multiples colocando, sucesivamente, un cristal en siete lugares equidistantes, con una
separacién de 10 pulgadas (254 mm), a lo largo del cuerpo, a dos diferentes alturas por encima
del sujeto en posicién supina y a dos diferentes distancias debajo del mismo.

El autor obtuvo el espectro de rayos gamma de un grupo de 20 pacientes cuyo organismo con-~
tenia cantidades conocidas de 42K y de un grupo de 12 pacientes con ?**Ra. Comparé el indice
de recuento correspondiente a cada sujeto, una vez introducida la correccién para tener en cuenta
la excrecion y desintegracién en el caso del *2K, con el indice medio del grupo, 2 fin de determinar
la magnitud de las variaciones existentes entre sujctos de diferente contextura fisica. Para estudiar
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mnas a fondo los problemas de calibracion planteados por cada disposicion, comparé los espectros
correspondientes al sujeto con aquellos que se registran con cantidades conocidas del mismo isétopo
en varios maniquies.

Si bien la disposicién de cristales maltiples permite alcanzar sensibilidades mids clevadas que
el método de la silla basculante, el grado de indeterminacién es aproximadamente el doble del que
resulta del uso de la silla basculante o del arco de 175 cm. La indeterminacion 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 técnicas.

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 within 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. i

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 class 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 it 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 uc 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 placcmcnt 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 othet 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 not -
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 known 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 (z) a group of 28 patients who contained known amounts of K*2; and (/)
a group of 10 patients who had received radium-226 intravenously 30 years eatlier.
These two groups of patients were 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,
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() with the 1.75-m-arc techaique, (¢) with a 3-in X 5-in’ NaI(T1) crystal at the small
of the back, (4) with a different 3-in X 5-in NaI(Tl) crystal mounted under the seat
of the tilting chair, and (¢) with Nal(T1) crystals of various sizes located at different
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 [1]. 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(TI) crystal is placed above
the chair, approximately over the patient’s trochanter. The height of the crystal
is adjusted so that the perpendiciMar 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 hcxght)
4 inx4 in, 8 inX4 in, 9 inX4 in and 11.5 inX4 in.

3-in X 5-in Nal(Tl) CRYSTAL AT THE SMALL OF THE BACK

A 3-in x5-in NaI(Tl) 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 was 34 cm above the plane of the chair seat. The distance from
patient to crystal was well established and reproducible, since the gamma-ray
measurements were made with the chair tilted.

3-inx 5-in Nal(Tl) CrRYSTAL UNDER THE SEAT

Another 3-in X 5-in NaI(T}) 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-in X 4-in Nal(Tl) 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 anarc 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.

1099108
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Fig. 1
Experimental set-up illustrating three of the crystal-to-subject arrangements discussed.in this paper

CRYSTAL

Fig. 2
Schematic representation of the crystal-subject arrangement in the 1.75-m-arc technique
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MULTIPLE-CRYSTAL ARRAYS
Type one

A series of measurements was made with a single 9-in x4-in Nal(Tl) 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
735 49 245 C 245 49 735 c¢m FROM CENTRE
| I N
EDEjEDEjrﬁFjrﬁ~mmw
' 30 cm
T' 10 ¢m
COC I I ) —crvstias

Fig. 3
Schematic illustration of the various locations at which the crystal was placed relative to the body
in order to evaluate the merits of a multiple-crystal array

was 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“(ankle 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 crystal 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.

Type two

The response of an array of crystals under the bed with the patient supine would
differ from that obtained with an atray 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 sutface, 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 2 supine position ditectly on the lucite. The air mattress

1099110
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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-in x4-in NalI(Tl) 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 two patients with a
4-in X 4-in crystal, an 8-in > 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*2, correcting the magnitude of each spectrum
for radioactive decay over the time interval of the measureménts.

Treatment of data

The pulses from the Nal(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 by 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 K42 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 K*®and K*2 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 K12 (1.52 MeV); and an energy band from 1.325 MeV to 1.575 MeV was used
when measuring the subject’s net K% (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 K*2 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 eflect of internal absorption or distribution could be decreased by using a par-
ticular band. )
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Presentation of K*%2 data

The form in which the data in this paper are presented was selected to emphasize
the differences in detection efficiency for subjects of different body builds. The data
are presented in one of two ways. 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,

N

Inherent uncertainty when measuring alkali metals

THE TILTING-CHAIR TECHNIQUE, THE 1.75-m ARC, AND THE 3-inX5-in CRYSTAL
AT 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 K42 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.
E Each patient’s gamma-ray spectrum was measured in human spectrometer No. 2
with the 8-inx4-in Nal(Tl) crystal No. 2 and the 1.75-m-atc technique. He was
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 Nal(Tl) 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 Nal(T1) crystal at the small of the back during the second series of tilting-
P 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 Ib counted from 0.5 to 5.29,
above the average, the five patients who weighed between 150 and 160 b counted

within 2%, of the average, and the three patients who weighed between 180 and 200 Ib
: counted from 3.5 to 4.5%, below the average.

EARE I SR S SRR 4 et S
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Although there is no correlation between the patient’s height or weight and his
counting rate in the Compton-energy band (7751275 keV), it is significant
that there is considerably less deviation from the average in the Compton-cnergy
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
only because of the larger number of counts and thus the better 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 K4° (1.46 MeV). Thus, the deviations found for the K photo-
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 from the average of the total group of patients was
listed. In general, these deviations follow the same trend as those obtained with
the tilting chair. 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 (+2.89, to —69, on the 1.75-m arc, as compared with 5.2
to —4.39, 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 higher than 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 oniy
if a subject contained a relatively very large quantity of activity or if the activity was
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-in x 5-in NaI(T1) crystal located at the small of the
back are given in Table I. The smaller subjects counted as much as 129, 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 109, difference
among subjects 11, 13 and 14. Thus, this technique cannot be used to measure
a subject’s body content of natural K unless 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 K2 patients 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 X 4-in
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-inx4-in crystal and the corresponding one with the 9-inX4-in




g
g
e

92 C. E. MILLER

crystal, any changgs in counting-rates caused by postural changes should be reflected
in both measurements.

The data are given in Table 1. The counting-rate from each subject was corrected
for decay of K*? but not for the amount excreted. The first line gives the average
counting-rate for each seties 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 necessatily reflect variations due to anatomical differences only.

On the average, the counting-rate in the photopeak with the 8-inx4-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 1.69, lower during the
second series and 0.2%, higher during the third series. In excellent agreefnent
with these values, the average counting-rate with the 9-in X 4-in crystal was 1%, lower
in the Compton band and 0.89 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 0.9%, above the average of the third set. Thus, his counting-rate fell
within 419, 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-inxX4-in crystal
with those taken with the 8-inx4-in crystal demonstrates that the reproducibility
is independent of crystal size. For example, subject 29 gave a counting-rate 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 1.29 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 Nal(Tl) 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-in x 5-in NaI(Tl) CRYSTAL UNDER THE SEAT

The six patients in the group discussed above were 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 II to afford a direct comparison between the tilting-chair technique and this
tec hnique. 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 109, above, 9%, below, and 12.59, above the average
counting-rate for the group measured with the 3-inx5-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 the crystal, it is evident that this is
not the most practical way to measure the subject’s radioactive content.
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94 C. E. MILLER :

MULTIPLE-CRYSTAL ARRAY
Crystals above supine or prone subjects

Measurements were made on six patients in the supine and prone positions to
obtain experimental data for use in evaluating and designing multiple-crystal arrays.
The patient was first placed in a supine position on an air mattress on a bed. The
9-in X 4-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 for
all subjects regardless of their height. Fhe 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 fourtéen measurements
were repeated. . - ’

Data presentation

Since the different groups of subjects received different amounts of K*2, the
data were analysed as follows. The same volume of K%2as had been administered
to each of the patients in a group was diluted into 405 g of distilled H,O. This
bottle of K#2 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 two energy bands, were then divided by those observed in the same two
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 K2,
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 other alkali metals, which go to soft tissues, are given
to the human.

Connting-rate at different positions

These ratios obtained with the crystal 30 cm above the bed are given in Table 11,
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 69, 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.

10991117
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CRYSTAL POSITION
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Fig. 4
Relative photopeak counting-rates observed at seven different crystal positions 30 cm and 40 cm
above a patient containing K*%. The patient was counted supine (front) and prone (back). Unity
on the ordinate scale denotes the counting-rate of the crystal when it is placed at 40 cm from a
405-cm® bottle containing the same amount of K¢ as the patient, duly corrected for decay and
! excretion (see text).
Subject 9:
30cm: front — . back......
40 cm: front - - - - - - back — - —.—

1 2 3 4 S 6

10
09 <
’
08 i
07, 47

7 . 3
1 /A B

] : e |

| N

JR S Y

03
02
a1

RELATIVE COUNTING RATE

HEAD i FEET
735 490 245 [ 245 &0 735

DISTANCE FROM CENTRE POSITION (cm)
Fig. 5
Relative photopeak counting-rates observed on two different dates at the seven crystal positions

30 cm and 40 cm above the same K*-containing patient. The patient was counted supine (front)
and prone (back). Ordinate units as in Fig. 4.

Subject 9:
2 November 1960: front — — — back — - — - —
7 December 1960: front — back . .....

The same subject was given K% 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  Whole-Body Counting
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- CRYSTAL POSITION
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Fig. 6
Relative photopeak counting-rates observed at the seven crystal positions 30 cm and 40 cm above

two patients containing equal amounts of K2, 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 subject19,
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 cm respectively toward the head as compared with subjects 9
and 4.

Deviations between subjects with different crystal arrays

A particular crystal array will be chosen on the basis of three considerations:
(1) cost; (2) sensitivity, i. e., the length of time necessaty 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 com-’
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.

Consider first the relative counting-rates in the photopeak. 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 89 less than the
average. The percentage deviation is only slightly less if the relative counting-rate
in the Compton band is considered. The surprising facf 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
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100 C. E. MILLER

from 4-59%, to —7%, from the various crystal arrays. The second measurement on
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 have 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 719, of that obtained with the same number
of crystals located 30 cm above the bed. The fact that the counting-rate obtained
at 40 cm 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 difference 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.

Crystals above and below a supine patient

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 transpatent 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 andjor 30 cm above the bed and 20 andfor 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 VII 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 for patient No. 1, the deviations observed with the tilting
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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 K42
Subject 2. .. .. Subject 4 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-inx 5-in crystal was mounted behind the tilting chair.

The data obtained with the crystals 36 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 c¢m above the bed or from 10 cm to 20 cm below it.

The data obtained on four patients who weighed over 300 Ib 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 seties 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-inX4-in, 2 9-in X4-in, and an 11.5-inX4-in NaI(Tl) 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-in X4-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-in X 4-in and the 9-in X 4-in crystals above the bed. All seven positions were
used with the 11.5-inx4-in crystal above the bed and with the 9-in X 4-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 [X
to XI. The data obtained with both subjects with the 4-in X 4-in crystal are given
in Table 1X, those with the 9-inX4-in crystal in Table X, and those with the
11.5-in X 4-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-in and the 11.5-in X 4-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-in X 4-in crystal. In
the photopeak with the tilting-chair, the 9-in X 4-in crystal gave 5.63 times the count-
ing-rate of the 4-inX4-in crystal, and the 11.5-in X 4-in crystal gave 9.3 times the
counting-rate of the 4-in 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 K2 spectra of this patient in the tilting chair were normalized to the
same area under the photopeak: see Fig. 8, where it is clearly shown that the rela-
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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 difference in counting-
rates at low energies

4- inxX4-in crystal -------
9- inxX4-in crystal ... ...
11.5-in X 4-in crystal

tive number of couats 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-in X 4-in
crystal, yielded a counting-rate 1.02 times that of the 9-in X 4-in 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

(1099723
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110 C. E. MILLER

than does the same total volume of sodium iodide in the form of small 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-in X 4-in ccystal, 1.13 with
the 9-in X 4-in crystal and 1.13 with the 11.5-in X 4-in crystal. This similarity is shown
to exist for all crystal positions by the graphical display of the counting-rates in
Fig. 9.

1375-1625 MeV_Bandi
T T
A 1

i

: === 5
= j it Wl —
= 0 P : :~.
S RN S :
T 0775-1275 MeV Band '
w100

0 1 2]
E b S ST A Vel
2 sV i : g:
P R ]

iz 3 ¢ s & 7
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 K42, Ordinatcs normalized to equal radioactive
burden. Note similar relationship of counting-rates in subject 1 compared with that of subject 10,
regardless of crystal size or enetgy band.

Nal (T1) crystals:
1—11.5in X 4in
2— 9 inx4in
3— 4 inx4in
Subject 1 — — — Subject 10

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 X 4-in 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
an 8-inXx4-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 K%, is calculated with the equation
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B
Kgrams) = A4 - — - -—,
¢ E

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); £ is the
net counting-rate observed from the K42 in the patient’s body; D is the counting-
rate observed when a quantity of K92 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 (D]E), 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 energyv
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

COUNTS /MIN PER 25-keV BAND

0 €25 050 075 100 125 150
ENERGY (MeV) ——

Fig. 10
Typical K*®and Cs!?? gamma-ray spectra of two normal human beings on tilting chair. 11.5-inx 4-in
Nal(Tl) 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 examined for the presence of another isotope.

In Table XIII 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
gfactor exceeded or fell below the average is given in the column following each
gfactor. 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 Ib are
measured an uncertainty of 2.59, could be given to any potassium measurement
with 679, confidence and one of 3.5%, could be given with 909, 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 49, could be given with 609,
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, 29, 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 XIII

GEOMETRICAL CONSTANT g CALCULATED FOR 28 SUBJECTS WITH THE
8-in x4-in CRYSTAL OVER THE TILTING CHAIR

Compton band Photopeak band
5 Teio : ; eviation eviation Average
Patient Weight Height Ibjin o da‘f;i'f o d fr';::? cz‘l"/o;'
ne average o
i (o) (%)
Subjects weighing 100 to. 299 Ib
No. 1 111 67.7 1.64 | 1.544 +10.5 1.835 + 4.1 + 7.3
No. 2 128.2 66.5 1.93 | 1.406 + 0.6 1.677 — 49 — 2.2
No. 3 130 66 1.97 {1.399 + 0.1 1.673 -— 5.1 — 2.5
No. 4 136.1 65 2.09 { 1.466 + 4.9 1.744 — 1.1 + 1.9
No. 5 137 65.5 2.10 | 1.405 + 05 | 1752 — 0.7 — 0.1
No. 6 138 65 2.12 ] 1.348 — 3.6 1,709 — 31 -— 3.4
No. 7 140 72 1.94 | 1.384 — 1.0 1.696 ~ 3.8 — 24
No. 8 142 63 2.25 | 1.417 + 1.4 1.751 — 0.7 + 0.4
No. 9 145.5 | 65.5 2.22 | 1.422 -+ 1.7 1.779 + 0.9 + 1.3
No.10 I 152 69.1 2.20 | 1.451 + 3.8 1.802 + 2.2 + 3.0
No.11 | 152 | 66 2.30 § 1.346 — 37 1.731 — 1.9 2.8
No. 12 152 | 68 3.24 | 1.389 — 0.7 1.759 — 0.3 -— 0.5
No. 13 155.2 63 2.46 | 1.393 — 0.4 1.794 + 1.7 + 07
No. 14 158 04.5 2.46 | 1.356 — 3.0 1.744 — 1.1 — 2.1
No. 15 158 73.2 2.16 1 1.399 + 0.1 1.723 — 23 — 1.1
No. 16 178 67.7 2.63 | 1.399 + 0.1 1830 | + 3.8 + 2.0
No. 17 180 71.5 2.52 | 1.405 + 0.5 1.801 4 2.1 + 1.3 .
No. 18 180 72.2 2.49 | 1.307 — 6.5 1.810 + 2.6 — 2.0
No. 19 184.5 69.5 2.66 | 1.368 — 22 1.710 — 30 — 2.7
No. 20 199 72 2.76 | 1.401 + 0.2 1.840 + 4.4 + 2.3
No. 21 200 65 3.08 | 1.411 4 0.9 1.854 + 5.1 + 3.0
No. 22 206.5 69 3.00 | 1.401 + 0.2 1.819 + 3.2 + 1.7
No. 23 210.1 73 2.88 | 1.330 — 49 1.726 — 2.1 — 35
No. 24 * 254 71.5 3.28 | 1.216 -—13.7 1.693 — 57 — 9.37
Average 1.398 1.763
1
! Subjects weighing over 300 Ib
No. 25 313 09 4.54 | 1.341 — 6.0 1.951 —12.3 — 9.1
A No. 26 335 68 4.93 | 1.457 + 2.2 2385 + 7.2 + 47
(I No. 27 343.6 69 4.98 | 1.450 + 1.7 | 2277 + 2.4 + 2.1
No. 28 363 72 5.04 | 1.455 + 1.0 | 2283 4+ 27 + 19
Average 1.426 2.224
|

* Subject 24 was not included in average
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Inherent uncertainty when measuring alkaline earths

All of the data presented thus far were obtained with the alkali metal K, which
concentrates in soft tissue. Similar, or larger, inherent uncertainties are to be
expected when the other alkali metals, such as Cs'?" or Rb%, 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 Ra%¥® 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 ¢m 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 1-uc radium source was buried in the centre of a pressed-
wood phantom 14 ¢m 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 definitelv 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 aflord 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 uc of RaB and RaC (counts/min pc).

Some comments on these techniques are in order.

3-in X 5-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

E—

109973




. ol unu/siunos
sot ¥OT 00596 | 00¥'16 56 86 Lot ZIL | 00s'801 801 sBeszar o %
T o i - o Iey> Junm
008 0¥ 000 £¥ 00¢ 2¥ 00¥ 6¢ 00¢ L€ 00L 8¢ 00s 0¥ 00L ¢¥ 00L S¥ 00¢ +v¥ 000 bt} ‘TeIskId ul-p X ul-g
o upwfsiunoy
_ _ - -
: . . . of unw/siunod
006'8% - oL |00zT'€eT |00¥'TOL 00196 {00STL | 00VT6 20z | 00¥'Z6 oBesanr Jo 9
A T [eask3n ul-g X ul-¢
, 0L0 2T, 008 01 _ 00% S1 002 L2 009 22 00T 12 000 91 00¥% 02 009 vv 00¥ 02 1l EE.\mu:on
B oy U e e e 0 S 01 z oL [ooLt (xa1 93s) 32481y %
peg o1y Woa speg awg peg WO wos] g UL RN woyj Juipras dae assydiy
o
u [eIsd1 o3
m Lro 06¢°0 L2e0 oico 020'¢ 90 e 816°0 0Z¥'0 PLI'O yoeq 938 w-g'|
~ . ‘D ey + g vy o
L ——— —— PR v _— e e v [ =
g I Teaskao
091°0 010 Sec'o L82°0 010C 8¢€C°0 SPe0 625°0 08¢0 LLvo Buiey 018 wWw-g/']
‘D ey + g vy ot
] o N 1€61 Ut
1 — 11 92 9z 0z 0z st o€ 6 suonoslur Jo QNN
; - vel ovl 141 zs1 1114 €St 801 91t ﬂ 1 001 (an wspm
[—
, 69 L9 99 §9 ¥9 €9 6S 8§ _ LS 009°9S @1 8y
adraay 6£1—€0 SE1—¢0 STI—¢0 SIT—€0 TH—¢0 011—¢0 111—¢£0 101~—€0 ¥I1—¢0 121—¢0 swaned Jo Jequinu apon)
MOVE THL 40 TIVWS FHL LV TV.ILSAHD UI-§Xul-f ¥V HLIA ANV “YIVHD ONILTLL
< FAHI NI DUV W-5.'T NO AFYNSVAW NIHM SINILLVd ONINVIG-WAIAVY WOUd TIANIVILEO VIVA 40 NOLLVINGV.L
— AIX @18V
-

£

3
&
¢




MULTIPLE-CRYSTAL ARRAYS AND SINGLE-CRYSTAL TECHNIQUES 115

gave an average counting-rate of 22 000 counts/min pc, note that subject 03—114
yielded 44 600 counts/min pc, or 2029, of the average value, whereas subject 03—139
yielded 10 800, or 499, of the average value. Thus an uncertainty of at least a
factor of two could exist in any Ra determination based solely on measurements
with a crystal at 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 Cs137 and K10 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 1129, as many counts per pc 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 their bodies,
four patients were chosen for study with the 9-in X 4-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 uc
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

COUNTS /MIN pe

CRYSTAL POSITION

Fig. 11
Counting-rate in 525—675-keV band of 9-in x 4-in Nal(TI) crystal used in conjunction with four
patients containing a normalized burden of 1 pc 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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TABLE XV

PERCENTAGE DEVIATIONS IN COUNTING-RATES IN DIFFERENT
ENERGY BANDS

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

Crystals at positions 1—2—3—4-"5—6—7
Subject
Energy. bands (keV) 275—375 525--675 ' 775—1275 l 1575—2575
Average counts/min
30 cm above 62725 40973 35775 17 932
Average counts/min
10 cm below 63 511 40 870 37 908 18 593
No. 03—121 Crystals 30 cm above I 1.4 — 13 — 33 — 33
4 fr 8% in Crystals 10 cm below + 1.8 + 2.4 + 19 + 3.0
100 1b
No. 03—114 Crystals 30 cm above + 5.6 + 4.4 + 6.5 + 5.2
4ft 9in Crystals 10 cm below +15.8 +14.7 +15.7 +15.0
111 1b
No. 03—101 Crystals 30 cm above + 5.1 + 6.2 + 6.7 + 8.5
4ft 10in Crystals 10 cm below — 4.1 — 31 — 43 — 32
116 1b
- - 0 i
No. 03—125 Crystals 30 cm above — 93 — 93 — 99 —10.4
5ft 6in Crystals 10 cm below —13.5 —14.0 —13.3 —14.8
1341b }

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 eatlier, 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 theaverage
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, 3, 5
and 7 agree with the variations observed with the tilting chair (last columa). How-
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TABLE XVI
PER-CENT DEVIATIONS IN COUNTING-RATES WHICH RESULT WHEN
DIFFERENT NUMBERS OF CRYSTALS ARE USED
Radium-bearing patient in supine position, normalized burden 1 uc Ra C

) Crystals at positions 41—_52:63:7 1—3-—5—7 ' 246 2--3—4 I Tiling chair
Subject -
Energy bands (keV) 525—675 525—675 525—675 525—675 525—675
Average counts/min
30 em above 40973 21889 19 084 20 871 E 6121
Average counts/min |
10 cm below 40 870 21583 19 288 23304
?
No. 03—121 Crystal | 3
4 ft 8% in 30 cm above } — 13 — 5.1 + 3.2 — 20, + 57
100 Ib Crystal ‘
10 cm below P+ 24 — 0.8 + 6.0 — 11
!
No. 03—114 Crystal |
4ft 9in 30 cm above Lo+ 44 — 1.0 +10.5 +26.7 — 26
1111b . Crystal ’
| 10cm below . +147 | + 87 | +21.4 | +350
B ! | s
No.03—101 | Crystal 1
4ft 10in 30 cn above -~ 6.2 4 8.2 + 39 + 1.6 . + 50
116 1b ¢ Crystal :
10 cm below .= 31 — 2.1 — 43 — 59 |
- _¥J [ e
{ No. 03—125 Crystal i
5ft 6in | 30 cm above . — 93 — 20 —17.6 —256 | — 8.0
13416 © Crystal ! i
; 10embelow | —140 | —59 ;| —232 | —280 |

ever, it may be that only a fortuitous selection of patients prevented the observation
of larger variations with crystals at positions 1, 3, 5 and 7, since considerably larger
variations are observed with crystals at 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 thesource. To a
first approximation, crystal 3 will 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

- 1099740
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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 facts 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 [1]. 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 or
of the biological half-life of the element. For example, it is not possible to administer
enough normal K to 2 human to calibrate the counter. In the cases discussed above,
K42, 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 XIII because of the higher absorption
of the 1.46-MeV gamma ray from K% 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 4-29%,) exists between
the counting-rates of a K42-containing subject in the tilting chair and on the 1.75-m
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arc. The same ratio exists for all energy bands from 300 keV up if the same crystal
is used for both measurements*. Measurements 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-m-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 preseat 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
E; 4-5%, in measurements of alkali metals and of 4-109, in measurements of the alkaline
1 _ 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 Co®0-
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 mixing
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(Tl) 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 counting-

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
*?i crystals are sorted and recorded separately.
3 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.

R i G
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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 atc
<hanged 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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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 impoz-
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-in X4-in crystal, instead
of one simultaneous measurement with four 6-in X 4-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, moreover, 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 2 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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