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DETECTION OF INTERNALLY OEPOSITED ACTINIDES
PART 1l STATISTICAL TECHNIQUES AND RISK ANALYSIS*

R, E. Goons
Health Physics Division
Ook Ridge Nationa! Loboratory
Oak Ridge, Tennessee 37830

Abstract

Since o considerabls number of workers ot Ock Ridge National Loborotory work with compounds of the transwanic
elements, computer tachniques have been developad to evaluate phoswich spsctra in order to determine lung burdens follow-
ing accidental inhalotion of 239y, 241Am, 244Cm or other isotopes. Two unfolding methods which have been found weful
in the omlfis of such cuses are presented ond discussed. Thesa techniques have been ussd suceessfully to detect low levals
of 239py, 281Am, 244Cm, 233y, 90§;, ond 133Gd in contominated workers; but bacause of the current importance of 23%Py,
emphasis is placed on detection of that isotope in the presence of 24 Am and natual human background. In the heafth
paysics tradition of emphasizing benefit vs. risk, we also analyze uncertainties inhereat in externa) counting of the actinides
from the viewpoint of statisticol risk onalysis and derive decision criterio which are waful in detemmining whaether variouws
rodicactive species hove, in fact, been detecter’, These criterio ore somewhat different from those encountered using tro=
ditional counting slatistics and deriva from the sealization that soms errors will always bs mode in sconning large numbers
of radiation warkers, The oplimum decision sirategy for the determination of lung burden is, thersfore, one which minimizes
the long~term risk of error. The usefulness of this approach to whole body counting will be discussed and cralyzed.

Introduction

A topic of considarable concem to the health physics profession is the development of sansitive methods to detect
low levels of actinides in the lung, In the cose of inhalation of the insoluble oxides of thesa elemenh, it is common prac=
tice ot many installations to determine the lung burden by extemal counting with either o propoctional counter or a photwich
detector, As part of our progrom at Ook Ridge Notioral Laboratory to develop new techniques for om!ril of photwich
spectra, a general computer unfolding method was presented racently for detarmining lung burdens of 23%y in the 5?“"“
of 241 Am, human background, and other interferring isotopes. (1) In Figure 1 typical phoswich spectra for 239y, 241Am
ond human background are presented. The nat count in each channel of the humon spectrum is assumed o be composed of
a linear combinotion of counts due to the various isotopes under corsidecation. The fraction o of the ith reference ston~-
dard contained in the humon spectrum (i=1,. . .3 comesponding to 23%y, 241Am and humon bockground, respectivaly)
is obtained by minimizing the weighted sum of the squares of the residusts with respect to each af, theraby leading to o

roatrix equation
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Fig. 1 Phoswich calibration spectra. .
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to invert for the respective a;. The elements of the n x n symmetric matrix A are

- Vel ol
A= L% Tk Wy
K @

and thoss of o and X are, cespactively, o; ond

_ i
X; = ) Cy P Wy ®
K

In Eq. (2} - (3) Ck is the net count in chonnel K of the humon spectrum, W is an arbitrary weighting factor, ond CPf.( is
the cownt in chonne! K due o Q; nonocuries of the ith Jard, The tions ore token over all energies of interest,

typically 10-128 keV. The product
9 = (o 22,9, )aq @

gives the activity of the ith isotope in the human spectrum along with the associated 100 y % confidence interval, In Eq. ()
o ;i is the ii element of the covarionce matrix associated with the unfolding and Z is a statistical factor corresponding to
different levels of confidence.

It has been aggurem to health physicists for some time that there is on inherant spactral decomposition in phoswich
spectra containing 23%Py and 241Am since spectro of these isotopes cover mainly the regions 10-24 keV and 10-75 keV,
respectively, while human bockground covers the entire spectral range, 10-128 keV. if, in some anergy bond, =€=<¢y,
the phoswich spectrum has only one component, then Eqgs. (1} - (4) reduce to

Q; ) W Cy %
K ®)

q =
LWy %
K

for o {east squares estimate of the activity q of that component in the humen spectrum, Using the fact that counts in the
region 75-128 keV are entirely human background, o least squares estimate of this contribution can be made from Eq. (5},
where @ is o human background spectrum, @ moy be either the subject's own uncontaminated spectrum, if that is available,
or a suitable averaged spectrum taken from uncontaminated workers of the some weight-to-height ratio, After wing Eq. (5)
to detammine the amount of 40K in the spectrum, that amount is subrocted, leaving the 241Am and 23%Py contritution,

The 241Am chest burden con be determined by ogain using Eq. (5), where 9 is now the oppropriate librory stondard, in this
case 2“Am, ond summing over the channels corresponding to the energy ronge 51-75 keV, Subtracting the 240 Am contri~
bution from the 239Py spectral region (10-24 keV) and again wsing Eq. (3) yields a good estimate of the 237Py lung burden,

v

Statistical Techniques and Risk Analysis

The praceeding discussion hos presented both a direct matiix inversion method (Eq. 1} ond a method of successive
stripping (Eq. 5) for the determination of lung burdens of 23%Py and 241Am, Normally, both afgorithms are wed to provide
independent evaluations of the lung burden, Determination of the amount of 40 present in the phoswich spectrum is por-
ticularly important in the context of Pu detection, since small errors in this quantity may lecd to large uncertainties in the
caleuloted actinide lung burden. At ORNL we have observed that the ratio

40K scatter in 12-24 keV region _ _ "phoswich ©
integral of 1.46 MeV 40K photopack 9.9
is T bly constant in incontaminated individuals, The 1.46 MeV gamma photo-n_-fr;m chest 40K is routinely monitored

by placing @ 9" x 9" Nal crystal opposite the phoswich assembly. In Fig. 2 the raw data are presented along with o linear

least squores fit of the form

= A +Br

" pheswich Ix9 o

where A was found to be statistically zero {A ~19 = 34) within the precision of the experiment ond B wos determined to
be 0.042 + 0,003, Uss of the dual detector technique is particularly helpful since it gives another evaluation of the 40K




scatter in the subject's phoswich spectrum, This additional information is important ond may be wsed in conjunction with the
previous unfolding algorithms for improvad detemination of fung burden in routine personnel monitoring ond in accident
situations,

£

PHOSWICH COUNTS

Fig. 2 Comparison between 40K scotter in 12-24 keV n&i(on of
phoswich and 9 x 9 Nal determinasion of chest 40K,

In all computer unfolding methods, cfter examini%fhe net counting rate in a specific region of the spectrum
(12-24 keV for detection of the 17 keV X rays from 238, 23%p, ond 244Cm), it is necessory to decide whather or not vari=
ous species have, in fact, been detected. Hypothesis testing such os this involves two kinds of errors: (1) deciding thot
the contaminont is p t when it is not (probability = a, known os error of the first kind) and (2) failing to decide that
contamination is present when it is (probability =, known as error of the second kind). From a health physics viewpoint
it is necessary for installation management to decide which error is more critical, end any development of decision criteria

must raflect this fact,

Since all ORNL workers ot risk are routinely screened for various transuranic elsents at the Whole Body Counter,
it is useful 1o fomulate a decision strotegy which gives the analyst an objectiva criterion for deciding whether or not
actinide activity is present, Various criteria have, in fact, been developed over the yeurs be sad on the opplication of
traditional counting statistics. (2 31 Sinee many workers are analyzed ot the Whole Body Counter each year, it is evident
that some errors in the determingtion of fung burden will always be mode. Thevefore, in the health physics tradition of
emphosizing benefit vs. ritk, we amert that it is best for those onalysts who must moke o lorge number of dacisions under
similor circumstances to employ decision criteria which minimize the average total error.

In all <tinide detection problems involving extemal counting, o residual counting mate r is observad in the L X~
tay band after rt.>xm background ond the appropriate amount of human background (40K} have been subtracted, and one
desires to determina in some objective manner whether this rate belongs to a statistical disteibution cantersd obout zero or
about a rate X, corrasponding to q nCi of the actinide under comsideration. In order to make such a decision, two stotis=
tical hypotheses, Hg (nc activity prasent} and Hy (g aCi of actinide present) are formulated and o simple dichotomy of the
range of valves is determined so that Hp is chosen when r < Xglq) while Hy is chosen when ¢> Xglq). These two distribu-
tions are shown schematicolly in Fig. 3, Xplq) is depandent upon the levet of actinide activily g, the relative costs of
errors of the first and sacond kinds, and the decision criteria used. In this note concise expressions for Xgly) will be pre~
sented using the Bayes ond Neymon-Paorson criteria, From Fig. 3 it is evident that, occesio wlly, o wrong decision will
be made ragardless of tha valve of Xglg). The utility of this method lies in the foct that on # Tor profile can be developed
which is dependent both on the dacision criterion wed and on the range of 3 axomined.

For simplicity it is convenient to asume that the net counting rate r is normatly distribuied with distribution func-
tion fi{r) (K =0, 1} under the hypotheses Hp ond Hy, respectively, Using Xqla) as o quontity to be evaluated under the
Bayas ond Neymon~Pearson criterio, the probability of daciding that contamination is present when it actually is absent
is

- } Xg(a)
0
= fr(X)dX = -~ erfe
o I 0 2 ( 73 o )
Xp(q)

(8)
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Fig. 3 Probability dentity functions under hypotheses Hg and Hy.
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thare tho lementary error function is defired by erfc{X)=2/ /7 IX-. " dt ond 0 is the stondard deviation of

P

the net counting rate. Likewise, the probobility of missing a level q is

. Xo(q) ]
8= j' £ (X)X = —2-[";(

Xola)-Xq
/20

da ], ®

where the error function is defined by erf(X)=1 - erfc(X) ond X, is the counting rate in the L X-ray bond comesponding
to q nCi of actinide, In order to evaluate Xg{q), it is useful to observe that the long-term probobility of emror Py it given by

. P=fa + (1-5) 8 (19
where § is the prior probability of observing an uncontaminated subject (probobility of obtaining Hp). Minimizing P
with respact to Xplg) gives _
£,{x4(q)] g

= 1]
folxg(a)] (-9

an

as the minimum risk statistic fo test ot the completion of each count, Given the observed mte r, we compute the fikefihood
ratio Alr) = F{r)/folr) ond choose Hy if Alr)> Ag and Hy if Alr)< Ag. This decision philosophy is known os the Bayes sofu-
tion to the problem of detection of actinides in the fung. From Eq. (4) the decision fevel Xglq) corresponding to q nCi in
the lung is found to be

X 2

X =.J- + — In A
ofd) . xq ' (12)

far some vulves of q, r will be less than Xglq) and hypothesis Hg will be chosen while for other values of q, r will
be greater than X0lq) ond, consequently, hypothesis Hy will be chosen. An error profile con, thus, be genercted since
valves of o« and 3 can be calculated from Eqs. (8) and (9) for each q. In accident situations the most pertinent porameter
is the moximum orgon burden thot could be present, given the net counting rate r. Under the Bayesion decision criterion
this would be the value of q such that r = Xglg). Solving for X in Eq. (12), therefore, gives

X = r+ r2-2(72 In Ay 3)

q .
as the counting rate corresponding to Quax. Knowledge of Xg, the subject’s chest wall thickness, and the oppropriate
counter calibration factors, therefore, teads to detarminction of the moximum lung burden possible.

In mony situotions involving chest counting, the population ot risk contains only o few individuals who would have
significont probability of obtaining > 10 nCi of a:tinide in the lung region, In these situations the principal factor in
the error expression Py is the fraction of.the time  in which Hy is incorrectly chosen and an error of the first kind is mode.
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Such o false alarra may involve personnal opprehension and costly action token by the loboratory in vain, Under such cir-
cumstances it is oppropriate for the heolth physicist to determine the volue of the probobility a that he con offord and to seek
a decision strotegy that attains this vaiue ond ot the same time yields the minimum possible probability 8 of moking on error
of the second kind, This type of decisian strategy is said to fulfill the Neymon-P: critesion ond corresponds to maxi~
mizing the probability of detecting uctinide cctivity in the lung for a given false alom probability.

Using the Neyman=Pearson eirategy, Xg is chosen from the predetenmined value of o by
Xo= V2 @ ecfc”! (2a) a9

Onca a is chosen, ihe error pofile on 8 con be evalusted undar different assumptions of q os follows
1 - Xa=X
0
b"(x ) = o —_— +1 - 1
9 2 ( /Z o ] ‘ s)

In Appendix 1 a brief generalization of the Bayes criterion will be presented for the eu;;‘:' whers the risks otsocioted
with errors of the first ond sécond kinds are unequal, and in Appendix II practicel calculatior: involving both criteria will
bo given to emphasize the utility of these decision strategies in applied health physics. ’

Appendix 1

It is possible o generalize the Bayes criterion by observing that ewors of the first and second kinds may invalve
different risks, both for the analyst ond for the worker, The long~term probability of emrar Py now becomes the long-tem

risk function PR given by

where § is the prior probobility of ining on uncontamincted worker {probability of obtaining hypothesis Hg), aand 8
are errors of the fist and second kinds, respectively, and C;, i=0, 1 are risks attendont to o ond 3, respectively, The
function Cy(q)/Colg) gives the relative risk of errors of the second kind as compored to those of the first kind, From o
radicbiological viewpoint it might be argued thot errors of the sscond kind are more costly since thers moy be health prob-
lems for the worker and legol problems for the employing installation if omounts of Pu significontly in excess of several
lung bunisns ars missed. On the other hond a significont number of false aloms tend to promote employese opprshension
and distrust ond may involve costly action taken by the employing instollation, From o progmatic viewpoint it is necesary
to reach o compromise corresponding to maximizing detection probability while minimizing the number of false clorms,
Clearly, errors of the first and second kinds may involve different risks, but it is difficult at this time fo assess the relative
magnitudes of these quantities, Use of the relative risk functions C; (q) simply allows inclusion of this foct in the develop~
ment of decision critesia. Minimization of the long-term ritk function, therefore, gives

2

o, L i '
X, @)= + come In —— .
0 2 X (-8)C 2
T .
os the decision leve! for the Bayes criterion,
Appendix 11

Consider a hypothetical lung counting example whera the following porometers have been obtained from o 40-
minute count:

room background {narrow window) rote = b = 2 cpm for two 3" diameter phoswich datectors

The 9" x 9" Nal rate obtained by placing the crystol opposite the phoswich assambly and under the subject’s back was
7000 counts in 40 minutes, so that rg, 9 = 175 cpm, ond the estimote of 40K scotter in the 12-24 keV cegion is, thersfore,
tphoswich = 0.042 (r9,9) = 7,35 £ 0,52 cpm, The gross counting rate in the 12-24 keV region was found to be 19,35 cpm
and, using the above data, the nat rate and its standard deviction O is e = 1.0 20.75 cpm. Furthermore, in the popu~-
lation of workers under considaration, 80% were found to be uncontaminated on previous counts, so that §=0,8 and




£/1-5 = Ag=4. The decision level derived using the Bayes criterion is then given by

X, = tomem In AL = 4 —
0, X, 0 X, (18)

Close examination of XX} shows that X possesses @ minimum of some point X N ond, for valid use of the Bayes
criterion, onalysis must be restricted to those values of Xg such that X > XJ1%, For g,y < XJ'", hypothesis Hg will
always be chosen so that X,™" may be considered to be :Lo minimom deteciable activity under the Bayes criterion. Solv~
ing ®Xg/ 3Xq =0 for X‘;’“ gives

min _  min_ o y
xo -Xq =0 2InA° 1.670 a9

Using the values previously given X(')""' =XMiP = 1 25 com. Since re < %G, in this case the onalyst mut chooss
hypathasis Hg and report that this subject is uncontominoted using the Bayes decision criterion. The partinent ervor hers
is 8, the fraction of times whare one will fail to decide that activity is present when it octually is. The probobility of
missing a level of q nCi corresponding to the counting rate Xqis

%o 1 Xg =X
8= L f](x)ax=-2- [ +.rf(7_;;1)] 0

At )(oﬂﬂn =Xg, 8= 0.5 while for Xq =2 cpm, §=0.21. Suppose, for example, that the appropriate calibrotion factor
for the subject is 5 nCi/cpm. Then, 'if the net rote hod corresponded to ~ 6 nCi, 50% of the time hypothesis Hg would

have bean chosen erroneously. Furthammore, if et had corresponded to 10 nCi in the lung, than onfy 21% of the time

would the wrong hypothasis have been chosen,

Suppose that the net counting rote in the 12-24 keV region hod been 2 & 0.75 cpm. Claarly, rnes > XF™ 50 that
- hypothesis Hy is chosen. For reporting purposes, we must assume that some intemoal contomination is present ond proceed
accordingly. The maximum lung burden thot could correspond 1o rygy is given by

mox J 2 2
xq = et T et ~ 29 Inhg @)
ond equals 3.57 cpm or 17,8 nCi.

Tuming from the Bayes criterion to the Nayman<-Peorson criterion, in this strategy, Xp is chossn from o predeter-
mined value of « as follows:

X = J2 o orfc_‘ (2¢)=./2 0 orf {1 -2a) (22)

Setting o = 0.05 gives Xg = 1,23 cpm. For the first cose rpep =1 cpm ond Hg would be chosen since ryep < Xg. In the
second cose ret = 2 cpm > X( which nacessitates choice of hypcthesis Hy . )
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