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INTRCDUCTION

The Twelftn Annual Meeting or Bio-Assay cnd Analytical Chemistry was held at the
Huff House, Mountain View Hotel, Getlinburg, Tennessee.

The proceedings of previous meetings have been issued as AEC Reports NLCO=-595
{1933), WASH-735 (1958}, WASH=-1023 (1958), TID-7591 (1959), TID-7616 (1969),

ANL-4637 (19561), DP-E31 (1952}, TID-7695 (1963), CONF=727 (1964), CONF-
¢51008 (1963). No proceecings were published for the 1957 meeting.

 The conferences cre held in order that AEC and AEC contractor personnel will have
ar opportunity to discuss procedures and problems associated with the collection,
interpretction, and cpplicstion of bio-assoy anc other pertinent health datc.
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IMPROVED PROCEDURE FOR RADICSTRONTIUM ANALYSIS OF HUMAN URINE

L. 8. Farabee
Health Physics Division
Qck Ridge National Lavoratory
Cak Ridge, Tennessee

ABSTRACT

The procedure usec routinely for rcdiostrontium analysis at Oak Ridge National
Loboratory has been revised for greater efficiency.and also for more extensive examination
of an individuei scmple.  An alkeline~earth-phosphate precipitation procedure is applied
‘o co-precipitcte toth the alpha emitting octinide elements and rediostrontium. Improved
efficiency for radicstrontium is attoined by the addition of calcium, HaPO4, excess NH4OH,
and the exclusicn of atmospheric CO?2 after precipitation. Revisions were riade olso in the
cation exchange column sescraticn of radiostrontium from calcium and magnesium using
Na4EDTA and citriz ccid.  Use of these chelating and complexing agents reduces the time
required for strontium cnciysis by eoout 50 per cent.

INTRODUCTION

The two methods mes: ccmmonly used for estimating the body burden of 205 are

(i) mecsurement cf the oremsstrahlung from internclly deposited 505, = 90y in a whole body
counter with the use cf ¢ NcliTi) crystal and o gamma spectrum analyzer, and (2) analysis
of urine for 70Sr.  The limit of detection by whole body counting is less than 10 per cent of
the maximum permissicie cccy burden, while the estimaticn of the body burden by urinalysis
is limited by ¢ pricr xnowledce of the relationship between the totc| body burden and the
excretion rate cs o function of time after exposure. In general, it is usually necessary to
rely heevily on urinciysis in monitoring for 905 for several reasons: (I) in some cases there
is a need for surveilicnce of perscnnel ot levels below the detection limit of whole body
counting; (2) the bremssirehlung from Oy gives ¢ continvous spectrum only with no dis-
tinguishable peck relating to 20y per se, therefore, urinalysis may be necessary to identify
the beta emitter present in the body; and (3) where a large number of persons or frequent

sampling is requireg urinclysis is more prectical and econcmical.

Although ecch nuclecr instcllation mcy have problems of special interest in monitor=
ing for internai rediation hazards, the alpha emitting ccrinide elements and 77Sr are certainly
of widescread interest, and ot ORNL agbout 83 to 90 per cent of the urinalysis laborator
work lecd involves the analyses for these radionuciides. The analyticel procedure for gC’Sr
analysis, which was developed ot ORNL and which has been in use since 1956, involves two

Rectecrch spensorec sv *me Unired Steres Aromic Energy Commission under contract with the
; rer gy

.
2
Unicn Carcice Corecroticn.

-
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r srene: (i) the precipirerior of the cclcium anc mognesium of the urine as phospHc‘res
veith NoeCH, end {2} the sepzrction of rediosirontium from the cslcium end magnesium on a
ccticn exchonge resin colum= with ¢ solurion of tetrasodium efhylenedicminefe?roceﬁc

azid (NczEDTA) enc cimriz ccic et cheloting ond/or complexing agents. Receﬁ‘ly it
became necessary to make scme chenges in the procedure in order to expedife the urinalysis
progrom by using one precipitction step to concentrate both radiostrontium ond alpha emitting
actinige elemems, thereby providing ¢ method of analyses for several radionuclides in an
individual urine sompie. In oddition, some changes were made in the resin column separation

of radisstrontium from caicium end mognesium to provide ¢ more efficient procedure.
ALKALINE EARTH PHOSPHATE PRECIPITATION
Experimentc!

In the procedure presenriv used ot ORNL for onalysis of actinide elements in urine,
the initial step is the precipitction ¢f urinary calcium and magnesium as phosphates with
NH4OH. 2) In order to co -srecipiicte merabolized plutonium from urine, 50 ml of concen-
trated HNO3 is added per liter ¢ urine cnd the sample is heated to 80° C and stirred for
1 to 2 hours, H3POy is addec, the~ ine clkaline earth phosphates cre precipitated with
NH4OH. (3) I order that this precipirction mey be used also os the initial step in concen~-
trcting radiostrontium, . it was necesss-v o prove thot quantitctive recovery of radiostrontium
~on be achieved. In the deveicgmen:c! work 835 (0.5! Mev gomma) was used to facilitate

1e study of solubility losses, since cirez: counting of liquid samples can be done with o
Ncl(T1) crystal and o muitichanne! iyzer. During the exploratory tests on precipitation
of alkaline earth phosphates visr the use of NHzOH it was found that rother large solubility
losses of 895, occurred, especic.iv when cxlu e urine wes used. When the precipitation was
done with NoeOH, however, :re - recovery was consistently about 98 per cent.  The
larger loss with NH4OH mcwv be oce 1o *he buffering action in urine at pH 7 to 8, thereby
prohibiting the optimum pH fcr pes: rezevery, Other factors offecting the larger solubility
loss may be insufficient coicium onc ohesphates in dilute urine samples. '

~
LN

Nowe
- -
O

-~

[n on cttempt to minimize soiusility loss of 835, in olkaline eorth phosphate precipi-
tation, studies were made to determine the effect of: (I) the addition of calcium; (2) added
H3PO 4 (3) the pH ot which the precipitction is mode; and (4) the exclusion of atmospheric
CO2 after precipitation until the sample is processed. For these studies, composite dilute
urine was used (sp. gr. 1.007}.

Results

 The exclusion of the otmosphere by wropping the beaker containing the somple with
o plastic wrap increased ihe recovery of 25r by an average of 3.6 per cent, therefore, this
practice wos followed in all subseauent studies. - By exploratory experiments, it was found
thet the optimum conditicns for precipitation of alkaline earth phosphates from urine with
NH4OH to cive o final pH of >9. Tc show the effect of each of the three conditions for
_orecipiiction on recovery ot 855r, two conditions were held constant for mcxi_mum recovery
while the third was studied.
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he cdditicn of calcium, when the oH is 9.2 and H3POy4 is 0.1 molar,improves the
recovery from §0 per cert fo ctout 95 per cent (Fig. 1).  The oddition of H3POy4, when the
oH ic 6.2 and caicium is 120 mg liter, clso improves recovery (Fig. 2). With optimum con-
Gitions of ccdec cclcium ond HaPCuy, it was shown that ¢ lerge excess of NH4OH must be
acdded for optimum recovery (Fig. 3).
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e . , , , .
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mg OF CALCiUM PSR _ TED 8 &f W PO,  MOLARTY
« - - . . 1 . ., r
Fig. 1 Effect ¢cf cczec ccicium on Fig 2. Eifect of excess H3PO, on
2 g
83Sr recove-. 8BSt recovery.

In summcry, wnen using tne oprimum conditicns for precipitcricn the overagerecovery
c St in 10 dilure urine scmoles of volumes renging from 500 to 1500 m! was 94.9 % (= 0.4),
while recovery in seven inaividuel urines of volumes from 750 to 1500 ml and specific grevity
from 1.CC7 to 1015 wes 96.5 % (2 0.3).  Although the recovery of 835 from urine using NH4C
is about | to 2 ner cent less then the recovery when NaOH is used, the precipitate is much
more ccmpect, which feccilitctes the sucsecuent washing and destruction of organic matter,
The NH1OH orecipiraricn clsc orovices berfer sepcraticn from 137Cs and 4OK, Wwo tets
emirters commenly nresent in urine. 1The sescrction fecrer for ccth 157¢ cng 40K in the

T
ivitcricn stez cicne is <CC.
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RESIN CCLUMN SEPARATION CF RADIOSTRONTIUM

In orcder to achieve meximum use of the clkaline earth phosphcte precipitotion for
the anciysis of urine for severa! radionuciices, the anolytical scheme must provide for
removal of some of the rodionuc!ides withour loss of others. Thus, in the procedure presently
used for the anaiysis of Pe, Nz, Uenc Pu, < strong HCl solution of the precipitate is passed
through cn anion exchange resin column, thereby removing these radionuclides(2)  The column
effiuent will contcin meny radionuclides of interest in ¢ urinalysis program, chief af which
are the trivalen: cctinides, raciostrontium, radiobarium and radium. If there is o need to
anclyze for the rivolent actinides ¢t ¢ group, the conventiona! BiPO, - LaF3 precipitation
"precedure can be usec.  Tne rociosirontivm con be recovered directly from the BiPO4 super=

ret

ncte or from the column effivent by use of the resin column technique described below.
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Fig. 3 Iffect of excess NH OHoen "75r recovery.



Exuitiorium Dissrizucicn Stucies

In designing the resin cciumn procedure, it was helpful to know the relative adsorp=
tion of redicstrenrium, ccleium end magnesium on Dowex resin in ecch step of the column
separation. This can test be done by botchwise equilibrium distribution studies in systems
contcining ¢ solution of radicstrontium, colcium, and magnesium, and Dowex 50-X12 at
pH 5.00 with (1) NeyHp EDTA only, (2) with citric acid only, and (3) o combination of both.

The resuits of batchwise ecuilibrium distribution coefficient studies with EDTA
sclutions et pH 5.00 contcining Dowex 50-X12 (100 - 200 mesh), 835, tracer, caleium (12 mg)
and megnesium ({2 mg' es ¢ funciion of EDTA mclarity are shewn in Fig. 4. Strontium -85
is adsorbed on the resin by = fector of 100 over Ca(ll) and 6.3 over Mg(l1l).

Citric ccid is used in the feed solution to complex iron and is clso a component of
the wash sciution to remove cclcium and magnesium from the resin column.  Distribution
coefficient stucies with sciuticns of citric ocid o pH 5.00 containing Dowex 50-X12
(160 - 200 mesh), €55 tracer, coicivm (12 mg) and mognesium (12 mg) os o function of citric
ccid melarity cre shewn ir Fic. 3. Strentium =83 is cdsorbed on the resin by a factor of 4 over
Ca(ll) and € over Mcill,
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CALCIUM\
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|
)
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MOLARITY OF CITRIC ACID

Fig. 5 Distribution coefficients of 895r, Cal(ll), Mg(!),
in citric acid ond Dowex 50 resin ot pH 5.00.

Since the feed solution ic mede up cf both EDTA and citric acid, distribution co-

efficient studies in which both are used in the some ratio as recommended for preparation
of the feed solution show that 835r is adsorbed on the resin by a factor of 45 over Ca( i)
ond 9.5 over Mg(l1). In proctice it has been found that when a somple is put through a
cation exchonge resin column, about 90 per cent of the calcium and 60 per cent of the
magnesium will pass through the resin as the chelate.  All of the radiostrontium is retained
on the resin.  Since only 20 per cent of the alkaline earths in the sample are retcined on the
2sin, © much smeiler column can be used, thereby decreasing the volumes of wash cnd elut-
ing solutions,

1068325 | 6 .
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Seocrction Procecure

The chonges recemmendec in this revised procedure will reduce the time required
for an onclysis by about 30 per cent over the procedure previously used. The changes_»
include: (1) 100 - 200 mesh Dowex 50-X12 is used instead of 50 - 100 mesh; (2) the resin
“column is 1.6 ¢m 1.D. instecd of 1.8 cm; (3) the volume of resin has been reduced from 25 mi-
to 13 ml; (4) the pH of the feed solution is 5.00 instead of 5.50; and (5) citric acid is added t
give a concentration cf 0.25 per cent. ‘

(¢) The Resin Cciumn

A cylindricai gless or plastic tubing B inches long and 1.6 cm [.D., fitted at ]
the top with @ funne! tc serve cs ¢ reserveir for feed and wash solutions ond o stopcock at the
bottom 1o control the fiow rete is filled wit= 13 m! (wer velume) of Dowex 50-X12 (100 - 200
mesh) which has teen converted to the No* cycle wirn NaCl  Tne resin bed is supported
with gloss wool ot beth bottom and top.  The use of smafler size resin particles provides fastes
exchonge retes ond, mest imperion:, grecter ease of removing reciostrontium with o smaller
volume of HNO3 elurricnt. '

(b) Prezcrerior of Urine Scmoie

Afrer remcve! of the octinide elements from the urine sample by either the anion
exchcnge techniaus,’ the BiPC orecipitation, or ¢ cambination of both, the radiostrontium
cen be recovered frem the effiuent or superncte os fellows: (1) the excess HCl in the anion
resin column effiuent must oe removed b\/ evaporction, (2) the residue is solupilized in HZO
ond the voiume brough: =~ sbout 350 ml, (3) as the solution is stirred constantly, the elec-
trades of o pHl meter cre immersec and NaCH is added to bring the pH to about 10, (4) odd
c solution of technicei crece No4EDTA untii all of the clkcline ecrths are chelated as indi -
cared by ¢ coler chenge frem wine —red ‘o blue of Eriochrome Black T, (5) add 10% excess
NcsEDTA, (¢) ace sufiicient citric acid to make the solution 0.012 molcr (0.25%), and

{7} adjust the pH *o 5.00 with HCl and/or NoOH. The concentration of the alkaline earths
should not exceec i mg m.. This sclution is then passed through the cation exchange resin
column et ¢ meximum flow rcte of about 8 mi min (4 ml em =2 min=!) when the liquid height '
in the reservoir is cbout cne foct above the resin. The column effluent, which will contain
about 90 per cent of the calcium and 60 per cent of the magnesium, can be discarded.

(¢} Remecvel of Cz end Mg from Resin Column

The residuai celcium and megnesium cre removed from the resin by-passing
250 ml of wash solurion made uo of 0.75 % Na, EDTA and [.00% citric ocid, which is
cdjusted to a pH of 2.00, through the column ct meximum flow rate. Discard the effluent
wcsh,

(d) Removg! ¢f Ne¢ frem Resin Column

he scdium, wnicn wcs used fo creccre the resin, ccn be removed by passing
N ~Ci rhrouch the recin gt moximum fow rere.  Discard the effivent wash.

Uy -4

-n ‘o
230 w1 2f 0

~
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The rodiostrontium is eiured from the resin with 60 m! of 6 N HNO3 ot a flow
rete of 2= 0.5 ml/min (L0 = 0.25 ml em™* min~), Fig. 6. Afrer evaporating the excess
HNOs5, the ragiostrontium is transferred fc o suitable dish for counting the beto octivity.

.. 40 137
Seonarction from K anc Cs

40 137

The above procedure provides excellent separction from = Kand ~ Cs, fwe beta
emitters commonly present in urine, By using 42K tracer, the separation factor from
. » 1 - 4 * » - . 7 .
potassium was found to be 7.2 x 104, A similer study with '°/Cs gave a separation foctor
- L
of L7 x 107,
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Fig. & Elution of 8::'Sr from resin with 6 N HNO3'
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SUMMAR

‘ The procedure descriced cffers a wey to utilize an individual urine sample for analysis
‘or rediostrontium citer removel of the actinide elements.  Since the column cperation is
about 100 per cent efficient, only losses in alkaline earth precipitation need be considered.

In routine operctions, one person con tend 12 or more columns at one time. When only‘905r
is present ct low levels, it is possible to count the sample after growth of 70Y to equilibrium
thereby permitting greater cccuracy with o longer counting time. The separation from 40K
ond 137Cs is excellent. The chief disadvantcge is that beth radiobarium and radium, member:
of the alkcline ecrth group with strontium, are likewise quentitatively recovered.
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ELFID DETZRMINATION OF BERVLLIUNM BY 4
mECT-RIADING ATONIC ABSORPTION SPECTROPHOTOMETER

oy

v

D. L. Bokowski

TEE DOW CEEMICAL COMPANY
ROCKY FLATS DIVISION
GOLDEK, COLORADO

ABSTRACT

ensivive and specilic analytical method for beryllium in air,
e, blologicel, and pacliing material samples was developed.
singie-beam atomic absorption spectrophotometer and high-
temperature nitrous oxide - acetylene flame is used. The chemical
technicgue for sensitivity erhancement and decontamination from
radlonuclides is described. Maximum time expenditure for an
analysis is less than 30 minutes. Multiple samples may be run in
the same time pericd., Sensitivity of the method is less thar
N.04 parts per millior of beryllium with a repeatability of
prroximately 2 percent of the amount present. Decontamination
sactors for uranium &rd transuranium elements were greater than
5000.

kel

A
wi
A

INTRODUCTION

As a result of i1ts unicue cremical and physical properties the

use of bervlliunm in incusiry, especially in the nuclear and space
industries, has been expanding raridly in recent years. The
fabrication and assemitly of components made from beryllium produces
a potential for exposure of workers to dust and fume of this toxic
metal. Operations such as casting, machining, drilling, sawing,
etehing, grinding, heating, polishing, etc., may lead to exposures,

Since the recognition of beryllium as a serious occupational .
disease 1n the 1940's, engineering measures aimed at the reduction
of personnel contact with beryllium materials have been effective
irn reducing the incidence of exposure. In 1949 the U.S. Atomic
Energy Commission set the threshold l1limit value for beryllium

at 2 ug/M*® average alr concentration per 40-hour workweek, with

25 ug/M® peak concentration for a single exposure, and 0.01 ug/M3
for neighborhood concentrations. The low magnitude of these
guldelines Indicates the need for sensitive, accurate, and
speciflc analytical methods for evaluating occupational exposure
anc as an z2id in diagnosing beryllium polsoning. High efficlency
.ethods Jor sampling beryllium dust and fume are readily available,
buv gquantitative methods for determining low concentrations of

1068329 B ' |
DOE/HQ



beryllium, esctecilally in blolozgic materials, have tended to be
comrliex and difficult., Substances present in atmospheric samples
ané bilologic materials which interfere with colorimetric and
fluorimetric methods necessitate separation and concentration
procedures to eliminate their effects, and thus opportunities for
losses are increaseé. The spectrographic method, while less
disturbed by interferences, requires a trained operator of some
experience. The use of an instrument which has sufficient
dispersion to eliminate the imposition of lines from potential
inzterferences involves considerable expense.

Hiser et al (1) have analyzed air samples for beryllium by a
specirorhotometiric method using p-nitrobenzene azo¥rcinol as
colorimetric agent. Sensitivity is 0.5 mlcrograms ¢f beryllium
per milliiiter. However, the method 1g aprlicable only to those
samples containing a preronderance of berylliu? ag? 1s subject
to interference from many metals. Si11 et a1l (2, reported a
fluorimetric progcedure for beryllium in air samples and biologic
materials in which the fluorescent complex of morin with beryllium
is measured. They report the astonishing sensitivity of
0.0002 micrecgram of beryllium per milliliter. A great number
of steps and a highly develored technique 1s reguired to reduce
the eff?ﬁ§s of a host of interfering substances. Xeeran and--
Holst, (%) wutilizing the "sustaining" a.c. arc, have reported
thelr develorment of a srecircgrapnic technicue with a sensitivity
- of detection c¢f 0.0C) micrcgram of beryllium per analyzed aliquot
of biologicel tissue, fluld, or atmospheric particulate sample,

While not attaizning the level of sensltivity achieved by fluorimetrd
and srectrograrhic metheds, the technique cf atomic absorption
spectrometry provides a very attractive and adeguace method for

a2 simple, rapid, sensitive and specific quantitative measuremers

of beryllium in atmosrtheric air samples and urine Vilth the
nitrous oxlde ~ acetylene flame the sensitivity, {s) defined as
concentration fcr 1 percent absorption, is 0.03 microgram of
beryllium per milliliter* with a detection limi: of arrroximately
0.003 micrograr of beryllium per nilliliter® in aqueous solution.
This sensitivity can be greatly increased with cremical concentra-
tlon by solvent extraction.

comle absorption, in contrast to emission spectrosccpy, i1s
practlcally free of sgpectral or radiation interferences, Fer
atomic absorption analysis the sample 1s reduced to the atomic
state in a flame. Un%il recently beryllium was a member of the
group of elements forming refractory oxides (e.g., aluminum,
silicon, titanium) which could no: be determined in the air -
acetylene flame ordinarily used in this technique. In this flame
dissociated bperyllium atoms were immediately oxidized tc a compound

bea ™ .y o~ . Py ~ rad e Ay e ~ 4 - -— -
* These va_les are 1o0- & douC.e-tean instorunenc,
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nich would not dissociate further at the flame temperature. The
oxvgen-acetyliene flame preovided & high enough temperature to

effect Cissocilation, but the burnine veloclty was too rapid for

RN - va ? (r-\ N s j -
S&:'e operation. Willis '®/ solved this problem when he reported
that the nitrous oxide and acetylene flame hac 2 temperature almost
‘@5 high as oxygen-acetylene with a burning velocity similar to
2ir-acetylene,

INSTRUMENTATION

A Perkin-Elmer lodel 22C atomic absorption spectrophotometer was
used for this study. The liodel 290 1s a direct-reading a.c.,
single-beam ingtrumen:s. The principles of its design have been
describea, (7,¢) Werking curves for this instrumen: are nos
needed since readou®t is linezr in-absorbence units. Abllity to
expand or contract the zbsorbence scale makes 1t possible to
calibrate the scale to the concentration of metal in a2 standard
solution and then read analyte concentration directly. The d.c.
voltage level of the absorbence scale meter was monitored with a
dewlett-Packard Model 405-CR automatic d.c., digltal voltmeter with
additional damping provided by 300-mfd capacitance across the
input terminals of the vcltmeter. Zero and fullscale meter
deflection on the Model 230 correspond to zero and 550 millivolts,
*espectively, on the voltmeter display. )

Power to the instruments was regulated by a Sola constant voltage
transformer., Since the zcetvlene flow rate .to the Model 290 is
preset and not adjustable, the fuel and oxidant flows are routed
through a Perkin-Zlmer licdel 303 byrner regulator., The Ferkin~
Elmer nitrous oxide burrer head (93 was used with 3-inch slot
length and 0.015-inck width. The hollow cathode lamp was manu-
factured by Atomic Spectral Lamps Pty. Limited; Melbourne,
Australia,

REAGENTS

All reagents are analytical reagent grade. All solutions were
prepared from distilled, deionized water,

Stock Beryllium Solution A solution containing 1000 micrograms
ol EeryIE%um per mIlIZTiter is prepared by dissolxing the )
appropriate welght of high purity beryllium metal”™ in a minimum
amount of hydrochloric acid and diluting to volume., To prevent

hydrolysis the pH of the solution should be 1 or less.

*  New Brunswick Ladoratorles, New York. U.S. AtOmiC tnergy
Commission analyzed samples.
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Beryllium Standaré Sclutions These solutions are prepared Just
-oelcre use oy c.iution Trom stock. Standard dilutions for smear
ar.alysis are rrepared in svnthetic smear raper solution which 1s
£ percent in hyc“cc“_oric acid

Synthetic Smear Farer Solution This solution contains aluminum,
calcium, nickel, magnesium, cnromium, iron, and zinc in 5 percent
hvarochloriv acid 4in the average amounbs that were found by atomic
absorpticn on 20 smear samples taken at various lccations in a
beryllium working area.

Swipe and Ailr Filter Farpers Whatman 41 filter parer is used for
ootn alr sampIing anc environmental swipes at Rocky Flats. Swipes
are 1~ inches in diameter nd air filte;s 47 mm. in diameter.

A mixture used to effect solution of
teryllium 1s made up of 30 rpercent
d, 50 percent 27 N hydrofluorie acid, and
perchloric acid by velume, This mixture
vlene bottle,
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smear paper is carefully foldeé into the oobtom of a 15-ml.
inum crucitle. Several drops of butyl acetate zre placed
the filter paper and the rarer ignited by the flzme freom an
nverted Zunsen turner, The flame 1s aliowed to Guletly burn
wa8y a large portion of the organic material TWO to three
11111iters of smear digestion mixture are acded to the residue;
he crycitle is placed cn an asbestos-covered hotrlate at
T
-

¢

the
aprroximately 25C° C. ard the mixture is evavorated to dryness,
Tre residue is breough: into solution by warming with 2 ml. of

S rercent hyércchicric acid. e‘cooled £ rercen:t nydrochloric
aclgd scliuticr is tren f*“ered 1 a 1C-wml. volumetric flask
anl the Tlask brought to vcluw= wi:h receated rinsings from the
crucltle with £ rercent hydrcchlorie acis,

S—
Lo~
o
=2
LY
w
™~
@
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I Pllters ;
The filler pager 1s piaced in a 20- or 30-ml. Pyrex beaker and
the paper wet down with 2 ml., of digestion mixture. Tre beaker
is then rlaced on & hotrlate at approximately 250° C. and the

mixture evaporatad until dense fumes of perchloric acid are
evolved, The beaker 1s then removed and cooled. The contents
are cuantitatively rinsec into a 10-ml. volumetric flask angd
made up to volume with disiilled water.

Urlne

The methods used for urine zre ?_?odification of the procedure
described by Keenan ané Ecolss 4

Al entire urine sample is Sransferred to a graduated cylinder

and the volume recorded. (7o prevent beryllium absorption on
container walls, 10 ml. of concentrated nitric acid was added

to the 500-ml. polyethylene sample bottles at the time of
contribution.) The sample container is rinsed with a volume of
concentrated nitric acic which 1is about 10 percent of the sample
volume and the rinse adéec to the sample. The tctal volume of the
mixture 1s recorded. Tre urine is then flltered, if necessary,
and then either treated cirec:ly or wet-ashed.

Wet-Ashed Urine

A volume of urine mixtiure eguivalent to SO ml. of the original ,
sample 1s transferrec to & 25C-ml. Erlenmeyer flask, Ten milli-
liters of nitric acid are added and the mixture is heated on a
medium temperature hotrizte (approximately 400° C.). A few drops
of octyl alcohol are added if excessive foaming occurs. The mouth
of the flask 1s covered with a ribbed watchglass and the sample
evaporated Just to dryness. After cooling, the evaporation is
repeaved with small guantities of nitric acid; the residue is
baked brlefly and then cooled between addltions of acid until a
light-colored or white ash remains. The ash is evaporated Just
to dryness three times with 10-ml. portions of 6 N hydrochloric
acld to hydrolyze any pvrophosphate formed during ashing. The
ash 1s then dissolved by warming with 10 ml. of 5 percent hydro-
chloric acid. The solution is quantltatively transferred to a ‘
100-ml. beaker by rinsing down the walls of the flask with 25 ml.
of distilled water.

Raw Urine
A veclume of urine mixiure equivalent to 50 ml. of original sampie

s transferred to a 100-ml. bealer and the sample treated according
-0 the procedure outlined below under acetylacetone extraction.

068333 1 DOE /HQ



Agetrlanetone Extraction

e

om the other substances present in atmospheric and
b*o'051, samrles which would interfere with 1ts determination by
chemiczal or flucrimetric methods. However, for the sensitivity
needed to ce*ecb the rresence of submicrogvan guantities, some type
of concentration procedure is reqguired. The neutral chelate’
resulting from reaction between beryllium ions and acetylacetone
has been ut?a extensively for quantitative solvent extraction of
beryllium,

¢ absorrtion srecirometry 1t 1s unnecessary to isolate

The electrodes of a cK meter are immersed in the beaker containing
the solution of urine ash or acidified raw urine. While stirring
magnetically K ammonium hydroxide is added dropwise to adjust the

CE of the soluticn to 1.8; 10 ml. of 10 percent disodium
-»hylene :itrilotetraacetate (EDTL) and 0.5 ml. of acetylacetone
are then ad d to trhe mixture and the pE raised to 7 by further
acécéi ion ol ammeniz, The electrodes are then rinsed into the beake
and the beeker contents transferred quanviuauiveWy to a 125-ml.
seraratory funnel

Four milizliters ¢l methyl isobutyl ketone (MIBK) are added and
the funnel t*o-oughly shaxen Ior 5 minutes, After standing 5

o 10 minutes, the tulx of the lower layer is discarded, the

last 1C to 12 ml. teing pcssed aleng with urper layer and inter-
face emulsion, inic a 3C-mi, F isher-Porter Ultramax centrifuge
fanrnel., The funnel is cenirifuged at 2,000 rzm for 5 minutes;
the lower layer i:s carefully drawn off an~ discarded. The

o“gan ¢ laryer is then srrayed directly into the burner for measure-
ment of its bervilium content. Guantitative recovery of the
organic layer 1s nec: recessary since one is concerned only with
the corcenctraticrn of veryliium in i-.

DETERMINATICH CF EZZVLLIUM

The instrument oreraztinz conditicns for beryllium determination
are given in Tatle 1, The zero end of the scale is set by
@splrating a tlark samrple or low value standard solution while
setiing zero millivel:ss on the voltmeter with minimum concencra-
tion control. The bigh end of the scale 1s adjusted with the

‘maximum contrcl wihile aspirating a standardé solution calibrated

in any desired units (e.g., ppm, milligram percent, meq/liter),
The hydrcen lo“*n acid sclutions of ashed smear gar erq cr air
fllters and the organic layer from acetylacetone extractions are
zsrirated cdirectly into the flame. If zhe be“"llium concentration
in acueous scluticn is less trhan 0.8 Trm, an aliquct of the sample
s extracted with acetylazcetene and MIZK. Az tha level of recise
guprresesicn used, av rox;ma‘eTJ 12 seconcds ¢ aspiraticn time

are reguired tc 0c23ain tne millivels reading con the vclimeser,

«

¥

=

¢

O
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SFECTRCOPHECTONITIE OPZRATING FARAMZETERS FOR BIRVLLIUM ANALYSIS
Ferzmeter kgaecus Soluticn Crganic Solutior
wavelengzh (o) 2348 .8 2348.6
Seiect Element Setting 12C.€ 120.€
Siit TA TA
Lamz Curren:t (mz) 158 1&
Nitrous COxige, flowneter ¢ g
Aceryiens, flowmeter ACluet to maximum - AdJust to maximum
) atsorpticn while absorption while
aspirating 8tanaaro aspirating etanocarc

Sample Uptake (mi/mir.) 2.C - 2.5 ‘ 2.5
Nitrous Cxice Pressure (pe:! 3C T3¢
Acesylene Presture (pel! b g

Eervllium in Smears znd iir Filte-s

The amount oI berylliur in an anzlyzed aliguot, X ug/ml, is
‘otained from the measursd millivolt readings of standard MV(S),
.nd sample MV(X) {rom the precpor:ion , :
X B MV(x)
us/ml (st¢) MV(S)

Final calculation of tczei beryllium in the sample is determined

by taking into account ution factors and the size of the
analyzed aliquoz,

0, ot
=
Lol

Beryllium in Raw ané 4Acshed Urine

To one of two duplicate £C-ml. urine specimens is added

0.5 milliliter of a standard solution containing 10 milligrams
of beryllium per liter. T

The samples are then carried through the procedure for wet-ashing
and extraction or the procedure for direct extraction of urine.

The concentration of beryllium in the urine, X mg/liter, is

calculated from the measured millivolt readings Mv(l) and Mv(a)
by the relation

1068335 e .
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Table 2 srows the results from reccvery experiments on 25 simulated
smear samples which were produced by smearing a beryllium-free
machine shop and adding from 10 to 100 micrograms of beryllium to
eacn of the samples. From 94 to 103 percent of the added beryllium
was recovered. =ach value represents a group of five samples.

TABLE 2

RZZSVERY OF BERYLLIUM ADDED TO SMEAR SAMPLES

Lo Recovery
S YlorlzIrems rercent

g 9.6 - 1¢C 96 - 100

3 25.1 - 30.2 97 - 101

z7 57.7 - 50.8 ¢5 - 102

"t £2.7 - 70 94 . 1CC

M g5.3 - 102.7 98 - 103
Raw ané Asnec Urine
Beryllium was 2iied to urine pocled from nonexposed personnel
tc ottain & rervliiim ceontent of 0.1 milligram per licer,
Fifty-millilizer zligcusts of this standard urine were treated
as Cescrived irn the sectlons covering ashing and extraction
technicues.
Fifty-millilizer d2stilled water standards ccntaining 0.0 and
C.1 millizrars ¢ teryllium per liter were extracted in the same
fashion as the urine samples and measured to determine the
‘recovery efficilerncy from urine. These reccveries are shown in

Table 3.

Alr Zllters

Nine Whatman 21 zir filcers were collacted from air sample heads
in a tervliium werking arez ani treatad as described in the
secticn on éizesticn and sclutiorn of air filters. Results of
fcur runs ¢n each ©F the samries are given in Tatle L, ™he
determinacticns were mzcde cn ccnaecutive days.

1068330 - '
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PZRZENT RZCCVERY OF BERYVLIIUM FROM

ReY ANT ASEID URINZ

Presh Urine After Urine After Ashec
Urine 9¢ Hours 168 Hours Urine
gc.2 107.3 105,8 103.0
c3.:2 104,2 161.1 c7.6
c1.¢ ¢s. .k 10£.7 10z.0
°I.7 1C2.2 10¢.8 )

Averzze cz.: 103,38 103,28 100.5

Stengerc

Devietion 1.k 3.2 3.4 2.5

ieoT

-~ - .
a AT -

. FZLTERS (MICROGRAMS)

TRV TITW O
B AR A

. Stenoarc Ce efficient af
Rur. Numier bverage Deviation Variztion (%)
bl z 3 .

o4, 5 00,7 102.2 gtz of . & 2.8 2.2
1243 128,8 16,2 1172 118,32 4.0 3.¢
11T, 114,z - 5.2 1224 1.2 1.0
121.¢ 11€.4 1183 1182 1188 2.1 1.5
102.¢0 19¢.¢C 10:.¢ 130.3 102.: c.1 0.1
1174 114,38 113,32 1i=.f 18,7 1.2 1.0

3.2 12,0 PR 1.3 1.3 c.1 1.9

TiLE 78,4 T 74,z 2L 3.0 L.

4g.c uE. < 5= £ &g, se. g 1.3 2.2

' Mean c.C
%
ACCURACY

Beryllium Swipe Samrles

An experiment was carried out in which an attempt was made to
ascertain the extent of agreement between the methods of emission
spectroscopy und atomic absorpbion for analysis of beryllium in
swipe samples. Approximately "duplicate” swipe samples of a
contaminated area were obtained by single swipes of a limited

=2rea., Each swipe.formed one leg of an X across the area.

- greerment appears satisfactory when the limitations of the samnling
procedure are considered. (See Tatle 5.)
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ICN AND ATCMIC ABSORPTICN METHCDS FCR
=X SWIPE SAMFLES

Beryllium Content (micrograns)

Atomic Absorption Dmissicn
Spectrometry Spectro8COPY
s-1€i 7.7 < 10
§-182 5.0 < 1C
5-1£¢€ 12¢.0 100
s-187 100.0 c0
§-3itf 1C.0 o 2C
5-18¢ 57.0 B¢
g-i%0 4,2 < 10
Z-1%91 1.9 < 10
§-1¢te €.0 < 10
S-13Z 7.9 < 1C

Bervllium Air Flllers

evlicate air filter specimens were ottained from a beryllium workir
area by u:ili:ing z guz) a2ir head device in which the fil<ers
are mounted side -y side, Tatle £ shows that satisfactory agree-
ment was oc ainec.
INTERFERENCES
Rzdioactive Contaminaticn

Rerylilium

“‘ch‘mc \f\“ '—r\ ,':]v Ar

.ﬁ.‘L

e-ficiertlv is
cessary °

1z ne

i0b8338

ir, ernvircnmentel 2ir filters anc swipes which have
crca-inzted with radicactive materials must te
clzted helore analysis by atomilc absorption. This
ecause asriration of racdicactive sclutions 1into

TAELE 6

CCMPARISCN OF EMISSION AND ATOMIC ABSCRPTICN METHCDS FOR
TTCN CF BERYLLIUM IN AIR PILTERS

Servyllium Contert (micrograms)

tomic Atsorpticn Zmiasion
Spectromet Ty SrecirosaceDy

A-117 €.c 9
A-212 zz ac
=113 77 g¢
h-l2C 73.53 77
A-l21 22.3 e
A-222 02,7 ec
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ae burner would contaminete
end pose an exposure hazari © ! .
cf the acetviacelone exIractilon P rovideé¢ gcod renmcval
of tervllium from actinides. The extent ol decontamination from
various matericls was determined by ashing of the organic layer
with nitriz 2cid ansi measurement of the radioactivity of the nuclide
present relative to the totel activity added to the sample.

ané its enviror e?t
Modification(ll

Decorntaminztion

Two drops of rhenol red incdicetor are added to the 5 percent
hydrochloric acid solution cf air or swipe sample ash contained

in a 30-ml. Ultramax centrifuge funnel. The pH 1s adjusted to the
endpoin: with ammonia and ther 2 milliliters of 2 percent disodium
EDTA 2nd 2 milliliters of C.1 M sodium carbonate are added.

Two milliliters of armyl acetzte and 0.2 milliliters of acetyl-
acetone are added ani the mixture shaken thoroughly for 5 minutes.
(It was determined that MIZI would extract U®2° even with holdback

chemicals present.)

The funnel was then centrifuged for 5 minutes at 2,000 rpm.
The aqueous layer is then carefully discarded as radioactive waste.
The organic layer is threr wzshed with 10 millilivers of 0.1 N
sodium carbonate and 1C rilliliters of distilled water, the agueous
‘ayers being discarded i zurn, The average separation factors

or several actinides azr:z showrn in Table 7. Each value represents
the mean ¢f four samplec.

PLCTIRI PCE BERVLLIUNM EXTRACTION
FRIM VAEILCS ACTINIDES

Separation Factor

Actintice (Average)
U2t 5,848
pusas 5,423
Ama 4 5,730

Jonization

The temperature reached with the nitrous oxide - acetylene flame
is high enough to ionize a considerable portion of the atoms

of many elements. Loss of ground state atoms to thils effect,
therefore, amounts tc a form of interference since sensitivity
would be dimini he? by this rhenomenon. Fortunately, beryllium
1s exceptional (12) amecng refracicry-forming elements in that
o sigrnificant ionization of its atoms occurs in the nitrous
cxlicde - acetylene flame, :

10b8339 22 |
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The 1loss of atoms wrnich are bound in molecular ccmbinat'ions in t!‘}e
flame constizutes & form of interference often termed "ehemical.

Since beryliium is a member of the alkaline earth group of elements,

several of the traditional chemical interferences were examined
to determine their effect on beryllium absorption 1n the nitrous
oxide - acetylene flame. TFigure 1 shows absorptions for gsolutions

containing 4 ppm of beryllium and varicus concentrations of aluminum

phosphorus, and silica. The presence of phosphorus as phosphoric
acid had 1iztle effect on beryllium absorrtion except at concen-
trations abcve 100 ppm. The enhancement of absorptlon above this
concentration was 3 to 4 percent. Aluminum and silica showed
interference tut the effect dic not become serious until concen-
trations of these elements aprroached 1,000 ppm. Concentrations
of sulfate (a2s.sulfuric acid) up to 80,000 prm showed no effect
on beryliium absorgztion.

0.6 : . T 1

0.4 » \ \ N

£

-}

T 0.3~ . .

= .

4]

[

L~

W2t C ADDED SILICON B

s & ADDED PHOSPHORUS

§ C ADDED ALUMINUM

3 -

@ 0l r .

<

i ] ) 1 |
l 10 100 1000 10,000
POM
Fig. V' EFFECT OF ADDITION OF ALUMINUM, PHOSPHORUS, AND
SILICON ON THE ABSORBENCE OF A 4-PPM BERYLLIUM
SCLUTICN.

STDiARY
A rarid and srecific atomic absorpticn scectreorhoucmeiric method
fer the aralysis of teryllium in urine and in environmental swipes
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ce¢ on TlltTer paper has been presented.
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vilium Is determ ¢ directly 1in swipe and air filter ash
sclutions without n for chemical separations. Solvent extraction

3 M P

Procedures for separation and concentration of beryllium from
radioactive contaminants and from urine have been described.

The approximate sensitivity and detection limit for beryllium in
agueous and methyl isobutyl ketone solutions, respectively, are
0.04 ppm and 0.01 ppm. A beryllium content of 2 micrograms of
beryllium per liter of urine can be detected. The method has

the rapidity and sensitivity needed for advantagecus use as a
rapld monitoring procedure and could easily be adapted to determi-
- nation of beryllium in tissue ancé other biologic materials.
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ANIDM LEVELS IN EWMAY DIET AND BTOLOGICAL MATERIALS

George A. Welforév
Ruth Bzird

UNITED STATES ATOMIC ENERGY COMMISSION
Health and Safety Llabciratory
New York, New Yerk
Abstract

There has been increasing interest in accurately documenting the
levels of natural radioisotopes in man, his diet and environment. The
tri-city diet program, for the study cf strontium-90 ievels, presents an
opportunity to measure‘the uraniur ccntent of feods, as monthly total diet
samples are available from New York City, Chicago, and San Francisco. In
addition to the diet, materials such as air, bone, lung, and water samples

ere .analyzed from the New York area.

The data indicate uniform intake of uranium at the three sites
examined. The values founc were 1.3, 1.4, and 1.3 micrograms of uranium
per day for New York City, Chiéaga, and San Francisco, respectively.

The urinary ex:fetion levels for non-exposed individuals are
reviewed and new data frox the Chicago area indicate 2 range of values
within the previously reported New York data of frem 0.03 to 0.3 microgram

of uranium per liter.

It has been previously reported in the literarure(l)(z) (3) that

trace quantities of uranium exist in man and his environment. The iCrP

1068343
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currently accepts the estimate cf Davis(4) that the daily intake of uranium
is 2 micrograms per dav. Klement (3) cites Dudley(6) as having estimated

that the general population has a daily intake of 1 microgram of uranium.

‘'The tri-city diet studies established fer documenting strontium-90 levels at

New York, Chicago, and San Franciscc, were used o experimentally
establish uranium intake levels.

Five grams of the dry ashed fcod material is weighed and transferred
to a 250-ml beaker for analysis. A known aliquct of uranium-232 is added
as tracer and residual crganic m#Lerial is destroyed by evaporation with
nitric acid and hydrogen peroxide. Hydrecchloric acid is added and the
solution evaporated toc dryness. The salts are diss:lved in hydrochloric acid
and passed through a conventiznal izn exchange cclumn of pretreated Dowex
1 X-4 (100-200) mesh. The cclumn is washed wizh hydrochl:ric acid and the
uranium, along with irén, is eluted with hydrechleric acid. The eluate is
evaporated té drrness, &nd the residue cdissonlved in a sulfuric acid solution
and elec;reiy;eé in & mercury cathode cell. The resul-ing solution is
evaporatec to crvpmes: wiih dilute nirric acid. Triplicate O.l-ml aliquots
of the solution are cdriec and flamed on a platinum d‘sﬁ, fused wich 100

milligrams of sccdium fluoride, and the flucze¢sc:ence measured by a HASL

fluorimeter. An additicnal O.1-ml aliquot, from the 5-ml volumetric flask,

1s pipetted on s platinum disz, dried, alpha phrsphor adced, and counted

for tracer, uranium-237 recovery.

“The method described is capable of determining 0.005 microgram of
uranium per sample. Each anzlysis Zer the uranium content of food was preceded

anc folliowed bv a 5Siank decerminaticn using the same quality of Teagents

i~
Ch
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ilined in the procedure. This blani varied stightly but averaged 0.007
micrograz of uranium which is the same level ¢f uranium found in one gram of
reagent grade calcium phosphate.

The overall recovery indicated by the tracer technique varied in
different food matrices but generally was above 807%. Several samples previous;y
analvzecd at HASL were shipped to Union Carbide Corporation for neutron.
activation znalysis and z comparison cf the results is shown in Table 1.

The two methods are in generz! gooc azreement &znd the distribution seems random.

Tebie 1

: ANAIVSIS AT TLUORDMCTRIC METHODS

. DETERMINATION

. COMPARTEOY OF NI TRl ATOIV

™

cicrograr Yraniuwm/zras 0f ash

Food Xeviren Activatiorn Anslvsis Flucrimetvic

Bakery Products L0€2 066
" " N e 077

" b .0%0 .070

’ Whole Grain Progust Lo 056
N " " 043 057

" " ! 045 .059
Presh Vegetatles .08C .Q76
" " .07¢ .080

" " .220 .136
Blended Chicken Bone 041 .050
Fresh Vegetables .ORA .07¢

‘Tables 2, 3, and 4 show the data obtained from the diet samples
from New York, Chicagc, and San Francisco, respectiveiy. Foods and their
annual consumption values are taken from the USDA's 1955 report. The

2lues were grouped in !9 categories by Riverz and Harley(7). These authors

also reported the experimentally-determined figures fcr percent ash that .

1068345 2
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are used 'in these tables.

ANNUAL URANTUM ITNTAKT

New York City

Categor: Kg/vz %
Bakery Products 37 0.08
Whole Grain Products 11 0.06
Eggs 16 0.02
Fresh Vegetables 43 .08
Rent Vegetables 17 0.09
Milk 221 0.01
Poulit—v 7 0.02
Fresh Fish 8 G.03
Flour 43 0.11
Maceron: 3 0.06
Rice 3 0.32
Meat T2 c..2
Shallfish N 0.60
OJried 3esns 3 0.04
Fresh Truis €e C.1l¢
Potatoes S 0.22
Zanned Fru:i: & 3.25
Fruie Juiles ic 0.01
Cannec Vegetas.es 22 0.02
St 674

The data indicare thact

0.05
0.03
0.02
0.03
0.04

0.04

0.04
0.04
= 0.02

= 0.02

uranium is constan:t at the three sites studied.

(BN
O
o]
.
(]
[}
rr

[0b834b

di

This is so in spitz of variatzzcas

-

New York - 1.3 micrograms Urcnium/dey

Chiczgzs - 1.4 micrcgrams Urenium/day

3.4
23
1.2
5.8
79
9.5
4.5
76
1

4,2

r
—

463.3

» 1.3 ug Ulcay

the daily indicate of

San Franciscd - 1.3 miersgrams Urenium/day

locations.

z
sa2rent

For exemple,

27

cf the urznium czntent of certain

the yearly intake of uranium
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ANNLAL TRANTIY INTAID

Chicage
be §

Categc—- Egivr £ esk % ash Ulvr
Lakery Products 37 C.0.7 2.23 # 0,11 S€
Whole Grairn Produzts P 0.0¢ . 2.47 20,05 16
Eggs b 0.C2 1.07 = 0.03 3.4
Fresh Vegezalles 43 G.0E ’ 0.73 2 0,02 25
Root Vegetabies 17 0.7 €.79 = 0.03 9.4
MG 2z° 0.C2 0.71 * 0.04 31
Poulee 1 C.0o 0.82 = 0.C4 8.4
Tresh Fish & C.0¢ 1.42 2 0.10 6.8
Flour . Lz C.CG7 0.49 = 0,04 -1
Macaroesn: 3 c.c7 0.69 = 0.04 1.4
Pice K 6.27 0.6C = 0,02 18
Meat T3 C.Le 0.%0 = 0.02 105
Shellfist R 1LEC 1,59 = 0.56 2%
Driec Beans z ¢.10 3,78 = 0.,0¢ | 11
Fresh I’:ui;. [N C.1¢ 0.62 £ 0.01 76 -
Potatoes it c.20 1.12 = 0.04 101
Cannec Fruit o €.k 6.31 2 0.06 6.4
Fruir Juices ¢ C.Ci 0.5¢ = 0.03 1.1
Cannec Vegetatles a7 c.o 0.99 = ¢.C 2.0
S~ €id . 522.9

1.4 ug U/day

from shellfish in New York is less than half of that in Chicago and San
Francisco. Potatoes, meat, fresh fish and bakgry products contribute more
th;n 70 peréent to the annual uranium intake. Milk in the San francisco area
is a ma2jor contributor of uranium bu£ it is less s& in Chicago and New York.
Table 5 comp;res the annual intake of uraﬁium for the three sites. 1In spite
‘f these individual differences the tcotal daily intake of uranium iz

strikingly similar at the sites tested.

10683417 28
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Iable %

ANNTAL URANTIM TTAKE

San Trancisco

_C_a_:g_z_g; Kgrwr hg, “ast . & st =5 U>r
" Bakery Proaucts 37 0.0% 2.77 = .l 38
Whole Crain Products 11 '0.06 . 2.47 = G.C3 16 *
Egss ‘ 16 0.02 1.07 = 0.03 3.4
Fresh Vegetatles 23 J.ul 0.73 = 0.02 4i ’
Sooc Vegetables P g.5¢% 0.75 = 0.32 12
Milk 221 0.09 0.71 = 0.04 62
LIPS i7 0.c4 0.32 2 0.04 5.6
Tverh T ik : 0.0% 1,42 £ 0.10 4.5
Tlour 2 0.0.4 c..9 £ 0.04 8.4
Mscarorni 3 0.0¢ 0.69 = 0.04 1.9
Rize z 5.2% 0.60 = 0.02 4.3
ez ' - 2.07 0.90 = 0.02 a6
Shellf.st ’ N ’ 1.96 1.59 = 0.55 31
Driec Zeans z 2.0 3.78 = 0.0¢ 11
Trosi. Tr. EYH 0.17 0.62 = 0,01 42
Porazoes Ll G.29 1,12 £ 0,04 101
Cannec il ’ 2% 9.C5 0.21 = 0.04 4.0
Frult Juices i T.92 3.52 = 0.03 3.4
Cannecs Vegelil.u§ o3 0.02 G.9¢ = 0.21 4.0
s £7- 462.5

1.3 .g t/cay

Recznt data from Russian(®) publicaticns have documented intake
and excrecion levels of uranium from twe sites which differed in intake levels
by a factor of more than 25, In these studies the wazer levels were the

contributing facteor since the pepulaticn was consuming spring water with

levels of urznium of 200 andé 7 micrograms per liter, respectively. Vegetables

3 - . . » - . ! -
and meat were measurecd at each of these sites put the:r contribution of
uranium to the total diet was ins:zpificant. Table 6 freseats their data and
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Ve €

COMPARTSO (7 Aiti a4l URAVILM DM AWE

micregram: of vranium/vear

Catezery hew “o7i shizzin San Francisco
bakery Products 6% 58 58 '
Whole Grain Products 1€ 1€ 16
Eges .4 3.4 3.4
Fresht Vegetable: 25 25 4
koot Vepetablec P ¢.4 12
Milk : o 1¢ 3. 62
Poultry o7 8.4 5.6
Fresh Fush ‘ 3.2 6.8 5.5
"Flour 22 14 5.4

 Macsron: .z 1.4 1.9
Rice e 1E 4.3
Mezz ¢ 164 46
Shellfisgh £.5 20 31
Driec beans s 1 1n
Fresh Fruiz TE 76 42
Fora:zces 1: N 101
Canned .‘;rui: ) L.2 6.4 4.0
Fruit Juices Ll 1.1 3.4
Cannec Vegetables w.L 2.0 4.0
st~ iR 522.9 462.5

1.3 ug Ulday 1.4 pg U/day 1.3 ug U/day

it is interesting to ncte that most cof the uranium from both sites was
eliminated in the feces, I; both locations the total uranium eliminated

was approximatély 10 percent of the daily intake. At the site of high ieve1~
uranium intake, 304 micrograms per day, 1% was eliminated in the urine and

at the other site with an intake of 12.6 micrograms of uranium per day

~nly 0.05% was excreted in the urine. 1If weluse these figures to calculate

-he urinary excretion level for the three U. S. siies studied we should find

1068349 o '
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irzm WCT te O.1 microgram cf uranium eliminated per day in the urine,
based on the iatake values focund of 1.3 micrograms of uranium per day.
Using the average excreticn value of 1500 ml ‘of urine per day, the concentration

‘of uranium per liter for the non-exposed population shculd range from 0.04

Zable €

MEAN AMCTTT OF TRANTM DITAKE  AND TLIOVTMATED BY THE ORGANTISM T7 THE TWC SETTLEMENTS

“raniuz Intake (micrograms/day) Al tranium Zlimination (micrograms/day)
v

¢ with Plant | with Animal .
Settlezent | With Water ‘ Preduce Procucse Total With Wrine | Wich Faces | Total

|
Under Inves- 3¢ i L.5 > .CL 306 3.2 40 43
tigation ‘
Centrol P ’ C.& > .ol 12.5 0.05. 1.2 1.28

i

(9) (10) (11)

t> 0.08 microgram of uranium per liter of urine. Several publicationms

o

have reported excretion levels of uranium rangiag from 0.012 to 26 micrograms of

1

uranium per liter cof urine.

[

. Q . . . .
A recent arzicle(®) surveying the pre-employment urinary uranium levels

of 1081 emplovecs repcrts an average of 5 micrograms per liter of urine with

-]

- a range of 5 to 7 micrograms. Using the calculated values of_0.0Sth 1.0
percent excreticn in the urine, an intﬁke cf 250 to 500 micrograms of uranium
pef day, must be assumed. These values are almest aé much as our studies have
found for annual intake. Table 7 rééor:s the levels of urahium found in 11
subjects from the Chicago area. Each samplie contained mcre than five liters of uz

N

and the averaze concentration fcund was 0.09 micregram of uranium per liter of

ow

urine with a range of 2.34 to 0.18 within the range focund in earlier work by the

authors(l) ia rhe YNew York Citv-ares of 0.03 ts 0.3.
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TEAYTIV T ONON-EXPOSTR PERCSCNEL

(Chicgge Aree) d

crograr Uraniurw per liter

Fd
i
-
N

-

C.E. 0.081
E.V. 0.043
L.W. 2.05¢4
E.W. 0.076
R.S. 0-664
F.E. 0.0g2
B. 0.162
RN 0.0832
p.s 0.060
olid 0.05¢
3.x C.182
Average 0.0¢
Range 0.0¢ -“0.18

The concentraticr ¢f uran:ium in tap water was inventigated in the

New York area. Table 8 givas th

& -

[iD

samrling data and the levels of uranium found.
These values are insignificant as fzr as total consumption is concerned and
were not considered in our czlculations. Deionized water from the laboratory
centains a factor of ten less uranium per lirer than New York City ﬁap water.
Table 9 presents datz obtained from the analyses of bone samples from
the New Yérk‘area. It seers that the uranium levels in boneare rathqr uniformily
distfibuted throughout the skeleton with an average concentration of 0.20
microgram of uranium per gram of ash.
Some lung tissue available from the Kew York area was analyzed for
‘ranium. Table 10 presents the dzta. The aQerage concentration of uranium was

one(l) nanogram per gram of wet tissue with a range c¢f from 0.7 to 3 nanograms.
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zasie Tadle © ]
SRANTIM TN TAT WATTR ANT TEITNLIET VATTE . LRANTTM DN SUMAN IONE
RASLE Tiect:i$tcaticon ere
Sazp.e ¥ Lsllect:> Tate EigTogran Urapiuw per Liter
Iig water - “ew York (it 31673 Hands and Yeet ,027 = ,00)
A8 10-22-02 025
-032 Bl674 . Skull .026 = .008
ASS 11-1%9-€2 039 . .
-040 675 Vertebrae .026°2 .003
Blte 2-18-50 029
04l Me7e Rids 023 2 .005
362 8-11-64 .033
.C35 81677 Long Boom (Shafts) L011 2 001
(T Tejeesd .02
224 31658 long Bona (Zads) .016 2 .00t
Mean 0.232 = .23
31689 Miscellansous 3omas .027 £ .011
Jacge: 0.02% - S.04) (Palvis, Clavacle item,

Patella, Scapuia)
Deiomized Tater

A7 16-20 -2 00634 31708 Cay(?0,), .013 = .001
AS 11-29-43 L0024
. 31718 Split of Bl678 .013 = .00t
3 IelEeoe e
|. N §-11e 6w o018 3690 favds apd Paet’ .011 = .001
36¢ S ldend .9024
L TH . 0.0CC = 0.2%

Rarng 0.clle - 9.0034

3

Several air samples consisting of more than 1200 m” of air, repre-

senting New York City air supply during January and February 1965, were
analyzed for uranium. The average ccncentration was 0.4 nanogram per cubic

meLear.

Summaryv

Diet, urine, bone, lung, water, and air have be;n analyzed for
uranium. The most complete picture is in the New York area. Diet figures
avai}able from New York, Chicagc, and San Francisco are uniformily about
1.2 micrograms a day. This figure would infer a level of uranium excreted
in the urine of approximately 0.08 microgram per liter. Recent data from
the Chicago area show an excretion level of 0.09 micrcgram per liter. Bone
an¢ lung show low levels of uranium, and in bcnes'che uranium is uniforaily

crstriburtad throughout the skeleZon.

)
w
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Iabie 10

URANTIDY T RImMaY 1T0

Wet )
Weight microgran Uraniio
RASLY pmicrocras Uraniuw sasmrile (grazc! ac wvetr lunc
X0c11 c.12 °7 0.001
X0312 0.10 138 0.0007
X0¢iz c.14 136 0.001
“sosie . 126 0.000
X0915 c.&C 116 0.003
X091¢ c.0¢ 125 _ 0.0009
X09:° €.ic 99 €.00!
X091g 0.C7 % . 0005
XC9l¢ c.2¢ | 12¢ _ 0.002
X092% c.l: BE 0.001
X0zl c.15 127 0.001
Average €.001
kange 0.0007 - 0.003
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UPTAKE OF RADIOACTIVITY BEY VEGZITATION:
A FOLIOW-Ur STUDY %

by

Je J. Gebeyv, J. A. Depolito, Jj. C. Daly, N. I. Sax

Sciences Group
tories and Research

-
Division of iLzbere
e Department of Health

New York Sizt

‘ To further evaluziz the effect cf <ime on the upyake of 'adlo-
activity due to soil conterminztion, & fcilow-up study was irnitiated. The
same suo-plo*s were used, N¢ zddiiionzl radionuclides were added <o the

oll- and feliar-conteminetsd plcie used the year before. In the follow-
.p study ornly corn, le:ttuce zni tomeioes were planted. Lettuce and toma-
toes were processed and anzlyzed acs bef o*e, corn y1eld°d four fractions:
kernels, ccbs, husks and stzlks. Ccrn sialks were analyzed in this study
to evaluate their uptake since stzlks a2s weil as the ears are used as

cettle fodder.

In azddition, & smel-
(40' x 8Z2') wes roped off ang
of Zn-65, Ce-137, Mn-54 and RuRnh-
used to confirm and further stud
scil-contaminated creps in the ¢
the 0.51 Mev recion. The same ¢
the othexrs.

ion of each of the control plots

¢ planting "spiked" with 0.5mCi each

€. The first three nuclides were

re predominant species appearing in

rst study; RuRh-106, to further elucidate
rops were planted in these sub-plots as in

In generzl, the results follow the anticipated pattern. levels
of activity in the crops, due tc upiake, decreased with time; with crops
from the previously foliar-contaminated plots showing a sigrnificantly
grezter decrease. Again, crops grown on the non-fertile plots showed
greater uptake than those grown on the fertile plots. However, several
interesting deviations from the expected patterns have been noted through-
out the experiment.

x This syudy was supported by Contract PH 86-55-118 with the Division
cf Radiclocical Hez.th, U. S. Purlic Heezlth Service.
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The sacond phase cf a two yeer study tc determine some of the
parameters of uptske ¢f radioactivity by orowing vegetabies 1s described
herein, ‘

1)

The results of +he first phase have been reported elsewhere 3
however, & brief description of the original experimental design is in
order.

5 about a haif mile apart were used. One
been fertilized, cultivated, or used for crop
ears. The other plot (fertile) has been

Two half-
plot (non-fertile)
growth within the p
fertilized continuously with cow manure and lime and used for growing
hay and fodder corn. Each plot was further divided into three sub-plots
separated by larce furrcws., Five crops were planted on each sub-plot.-

-

ermine *he exient of upteke due to contamination of the
2 , on2 sub-plot from each half-zcrs plot was sprayed
5 me cf each of 10 gamma emitting radionuclides
feilcut and activation product nuclides.

ch half-acre plot was sprayed exactly

The second sub-ples a
: ors planted were in an advanced stage

s the first, tuz not until *h
f growth. This maximiczed foliar uptake over that due to root absorption
rom scil. The remzining twc sub-plots were not contaminatad and were
used as contrcls.

.

in = onZ phasz, two studies were ccenductied simultaneously:
V&, Follow-uz sudys o evzluaze ths effect of time on radionuclide up-
tzke due to previcus scil contaminatioh; and (t) Recontamination =tudy.
to confirm and furiner study the predominant nuclides thati appeared in the
scil-contaminzted crogs in the first phase study.
Folilow-up Study
Smeiler sections (4C'x52') ¢f the same sub-plots were used. No
additionzi radionuclices were added either %o %he soil cor ZSoliar contam-
inated piots usec the ysar before and only corn, letiuce and taratoes were
pianted. let*uce and tomzioes were processed as before, and corn yieided
four fractions: kernels, cobs, husks and sitalks; corn stalks, to.evaluate
their uptake, since %they are used for cattle fodder. A 7 x 7 analytical
matrix (Sb-12%, RuRh-1Ck, Cs-137, ZrNb-95, Mn-54, Zn-63 and K-4C) was used
10 guantitate the resulis,
Recontaminzsicon Stuzvy
A similar section of each ¢f the contrel plots was roged off
and, tefcre sseding, "zzizsd" with C.8mCi gach o Zn-£%, Cs=-137, Mn-254 and
ZuAn-1C0f.  The szame ctrogs were piantad in thes2 sur-plcts as in the cihers.
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arzvins Procedure

Since those porilcns ¢f the control plote to be contaminated were
tCC smell ic be sprayed using +he itracicr as efcre(* y hand spraying was
indicated., Practice rung, usinc fap weier, indicszted the feasibility of
using & Z-caiion sprinkliing peils The sorinkling pail was filled from a
plastic-lined 53-czllcn drum conteining & dilute mixture of the four radio-
nuciides, Afier the drum wes empiied, it was filled again with tap water
and the wash solution spreved on the plots as before. Prior to spraying
esch plot arez, six 7"x3" glass fiber filter webs, each backed by a 7-1/2"
% §-172" piece cf absorbeni paper, and six 7"x9" absorbent blotters, each
backed by a 7-1/2"xS-1 2" rpiece c¢f shecrbent blotter paper were arranged
on the plet as shown in Fic. 1. Subseguent gamma analyses of these specific
grez papers quJG indicete the conesniration/sge ft. of each radionuclide

apc.ied to the plot.

FILTER PAPER LAYOUT
FOR RE-CONTAMINATED PLOTS

PLCT CC-SPIKE

e ey :

S

N R

" £

o——->

= | 7 6 2

2 E: [@ EI II 52 F1.

| |

E— ¢ .

. B

o) 12 |

27| [¢] |

= ' 4C Fi. +
R

G=Glass fiber filter web+backing
B= Biotter + backing

Fig. 1 Arrongement of filter and
absorbent papers
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All the flltex pads and backing papers were removed from the
cicts and slzced in individusl plastic bags before the plots were sprayed
with wash soluticn.,

dition, representative soil samples (16 from each plot) were
¢ the methed of Grewelinc and Peachi2),

y the plots were continually tended. Due to the
n, the plants were hand-watered with water hauled
¢k. The drought was temporarily relieved by a

orm which inflicted heavy damace to the grcwing crops.
ccompanied by high winds and hzil, fell in less than

prevail
cr pumpecd f
severe winc and rTa
Cvar ar inch of rs
orie=half hour,

The estimated demage ¢ the crops was:
Zetiuce ¢t - 92 per cent lost - had to be replanted
Tomatces ¢+ -~ 30 per cent lost
Cern t ~ 12 per cent lost
Tne coops wars harvested dalily et the end of the growing season,
and prepsred and anz.vosd ss tefore,

-

w
¥}
w
n
[t
b
ct
w0
[o]
*H
34
313
0
.’
s
z
phe
—
—

s wes g two-peri study, t

In this phase, the =ffect of time cn soil uptaks was evaluated.

-
- o

b
(8]
o

The sveraged results for lettuce are “~esentea in Table I.
NZth the exception ¢f ZrNb-9%, and possibly Sb-125, uptake of all radio-
ruclides is demonsiratad, Soil uptake is fairly constant with apparently
iittle difference petween the previcusly-contaminated soil and foliar plots;
an excerticn is ncted for Zn-€5 in the nonfertile plcts, the previously
foliar-contzminated plots showing about twice as much uptaks as the soil
plcts. Scil ferzilization, again, appears to be erfective in reducing uptake
of ZIn-£5 and huxh-xvv, bu

(u (=]

t remains unclezr for the other -adiocnuclides. Hig!
conceniratlions of RuRh-:106 are seen in the nonferiile conirol plo*s, These
2r2 hicgher than anv RuRh-106 ac ivity frcm the contaminated plots and are
due probably 5 the seve:e cain and wind#istcrm describad akove.

- - 1 - - Sy ) = 1 - % YE Y -

-3 °rder 0 meke s mezningful compariscn ¢f these with those
r-ad T - femay) = - - = “amta 7 R T
oLtained last vezr (1%%4), the asverszced dzta from Tatis I and the 1344
1 - PRE ., PR - -~ 1 - 3 - 2 3 - .
<8$TIUCS resuoIsN-/ were sczin zveraged, bv plei, to cive a singia annual
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nuclide according to plote
wers not averaced,
"celow sensit

Table Il

0f Time on Uptake =v letiuce

~1%:is" indicates the averace radionuclide concentration In letiuce
crown on piots centaminated that vesr.

on.am‘na'g‘ the year before.

th 1964,

the average radionuclide concentraticn in

lettuce

24148" tadicazes the fraction of averace radlonuclide con-
cersration seen in 196% as compared wi

"ty ¢he fraction expected 1f the only process

This is shown in Table II.
and an artitrary value of 10 pCi/kg
tivity" values for averaging purposes.

-9% was not made since all results for Impact 65 were

"Sxrected D2zay Ratle
sperating was racicactive decay.
FCo1A% CONTAMINATED
Ferzils Piois Nonfertiie Plois -
Expected : - Expected
L7t Ratlc Tecay 1044 19€S Ratio Decay
ol L4k Ratis {zCi ‘xe) {pCi Xc)  &41€S Ratio
HE S12.23 0 LaC.38 4828 1155 110,24 110,36
2z 115,304 110,56 15CE 64 110,93 110,58
e 1330202 110,42 g8 T 11008 110,82
e 132,50 1iG.TT 6Cs 33 110,38 110,77
R 112,02 ig.s 113 263 110,31 110.50
011 CONTAMINATD :
Fervi'e Zicts Nonfertiie Plcts
Expected Zxpected
L5l 5=t LERSE Dezay 1964 1G€8 Ratio Decay
P =21 k2t &&rss Ratis (o€: ¢z (el ko)  &a:sd Razio
ER e alvest RS L avey Tem -:‘...-I"; 1idest
i <3 118,23 110,58 129 52 140,39 112.98
e 13 11228 1iC.42 8% ac 118,28 110,42
R 172 111,25 138,50 239 P 1115 110.%0
it N 1C.12 130 TT " 3¢ 111,33 110,77

Scil fer+tilizsticn is apparently'ef‘ective in reducinc uptake by lettuc:
grown on pleis cortsminated the year before. The fraction cf average radionuclid:
concentration seen in 1%9¢3 as compared with 1964, i.-., ratio 64:€5, is, with one
exceptiorn, alwavs higher i the nonfertile plots. The exception, Cs-137 in the
soil von.anlnated fertile plot, probably occurs because small numbers are belng
compered. Certain radicnuclides, such as Cs~137, ZrNb-95 and Sb-125, are apparent
ly rapidly fixed by +this %ype of soil and are unavailable to the plant.

Antimeny and zirconium have very limited solubilitly in soll and would
net D8 avellsznle o the plantl9/, Cesium, particularly micro- or carrler-free
amcunts,.is s=-onglv fixed on clav_minerals which accounts for its lcwer concen-
=sation in siznis *hen in soils¥®1°/,  The removal of Cs-137 frem scils and its’

L]
[B!
N
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ceiiekilizy to planis is retzrded by the sironc acsorptive forces in
sciil€), An incresse in the amount of availakble potassium would tend
to recuge these retentive forces thus making cesium more avallable to
plants' "/, However, Auerbach and Crossley'©/ found that in uptake of
Cs5-137 by corn, Cz-137 concentrztions were not directly related to po-
‘tassium concentration.
s +2
Addi+ior of large amounts of labile Ca  to the soil would
tend to free or solubilize less than 10 per cent of the added carrier-
free Cs-127 and plants grown thereon would be expected to take up minimal
amounts of the nuciide{5), However, when oercanic matter is responsible
for 2 large fractien c¢f the tota; exﬂxanc° capacity of the soil, the
nt fixation of Cs-137 on the clay minerals are

adso'p.lon a?o consecuen
much reduced

“The relatively low solubility and/or unavailability of these
nuclides is demonstrated by the comparatively low average specific
activity from plO s t)rzsal of soil contamination. For them, the im-
portant mode of uptake is folisr depocition. The other radionuclides,
i.ec, Zn-€5 and RuRh-10¢, indicate the aveilability from the soil,
although foliar deposition is still +he mejor mode of uptake.

Uptake of Zn-€% and RuRn-10€ is ctrongly influenced by soil
oH, since they are most sol uu--, en? therefcre available to the plants
der acid conditions{3s%/. As the pH of the soil increases, they will
- .recipitate as hydrox-aes and weuld no longer be available. Complex
ions such as nitrosylrutherium (RuNC) may be formed, and may result as
the metal being present unc€~*oe~ or as an anion and as such, would tend
tc be soluble and avelles

Mangcanese would be expected to behave similarly tc zinc and
ruthenium. Wnilie non-fertile plois indicated somewhzi greater uptake
than fertile plots, refleciinc the increased pH due to fertilization;
overzll, the uptake of Mn-54 wes bzrely detectable.

I radicactive decay was the only effective uptake-reducing
process, then it would be expected that the ratio 64:€5 would always
be equal to or, more ofien, less than the Expected Decay Ratio, since
uptake from the soil is usuzlly slow and selective. This is the case
in the foliar plots. : '

However, it should be emphasized that only an unknown fraction
of the original activity sprayed on the foliar plots was available to
the soil. The only valid relationships that can be established with
foliar plots are: (1) fertile plots: 3 per cent or less of the initial

radionuclide concentrztion was observed after one year, and (2) non-

fertile plots: “as much as 31 per cent of the initial concentration was
observed after one yeer. 1In all cases, the fraction of initial concen-
*ration observed one yeazr.lster was alwzys higher in the nonfertile plots.

s permit & direct comparison. In

The soiil centamin ot
£5 is higher than the Expected Decay

ate
the non-fertile plots, Ratio 5

106831 I
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Rztio for Mn-Z4 and Sp-12%. However, we are again comparing small

numters and the validity cf such a relationship is doubtiul. The
~fraction of Zn-4% and RuRn-iCé vonccnt*atlon, observed cne year later,

is greater in Zoth fertlle and nonfertile plots than that expected, due

to radicactive decay alone. For RuRnh-106, it is greater by a factor

of 2, while Zn-4% agrees closely with the expected fraction due to radio-

active decay, at least in the fertile plot. This suggests some process

in the soil influencinc the biological half-life. We cannot speculate on
what this may be; further study is required to determine possible
mechanisms. ’ ’

Tometoes

| Uptzke by tomatoes for Impact 65, {s shown in Table III.
As before, Zn-£% is predominznt; lesser concentrations of Cs-137 were

aiso observsd, Except for minimal amounts in the nonfertile plots,

Mn-54 was nct detectz-is, None of the other radionuclides were observed,
The nonfertile picis again indicated higher concentrations than the
fertiie pliscts, ‘

A single annuzl average for each nuclide, according to
plot taken from the datz in Tatle III and the 1944 tomato results is
presented in Tsble IV. Onily 2n-£3 and Cs-137 are evaluated.

Ticle 330
Ussaxe v Tomatses '_g: %z
Zeaar Ay in Tabple D
. | T
, I--et : I i T
v o '. s ls- ! $ .- T .o . g .t~ F - g l&- 18-85« 3rie I lé-
Bopoa CO O T ‘ : R T O 35
ey % i 2 aa. 1} 23al2 1 o i 1 1 2
i 1 i i
ol aieas i e TR P ' %422 6ei3 P 3 1 2
. 1
7s C9a8s | 3nI.nt l PO ' 23222 ] 2843 ] ) 1
NFS 1l%alt | 2 ’ lial ! [osail %4 9 Ead 2 2 £
. ! |
w ol - ! sa8,33 i szam 4 N £6423 e . 2 Ba”
O e N IR UC I RN e Mail tlee D] % 1612 iZa
S . )1 .
RuRn-.Is o=t : ZrNo=59
Fd ] | % ! 2 i x| it 2 1 'y 2
R ;
57 l,l L i z I 2 ' ! 2 ! 1 P 1 % 2
=¢ 1 i ! ' |
s |, 2 | 3 | 3 1l e * 2 £ % N
L ‘ ! ! v | !
NFZ ! 2 i 2 1 a i L LI 2 ‘ 2 ll4lD t
¥FE 3 i 2 i 1 il i 2 2 Do 2 a
! ; : o i
Fio! ' : % ! 3 b 1 ! 2 s ‘ I % *
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Tiiges of Time ¢ Urtaxe ov Tomatoes
Coze: At in Taple 12
TOIoAE CONTAMNING

FCLIAR TONT N

Nopfestile Piet

Expected
1662 19€% Ratio Decay

Nyciide lcé?bi: [pCtke)  (pZike)  HA14E Ratic

2n-4% 2,307 ] til.le wil.3E <,9E¢ £54 11C.22 1:C.3¢

Cs=127 y03% 3¢ Sl 00 1il.%e 3,958 -] 112,02 135.95
) ToIL O SONTANINATID

2Zn-32% lyalt e IR Dt S S 4 Z, 188 405 131C. 19 11C.36

Ce-12" ae e Til.43 210498 S 42 110.28 110,98

cmwe N PPN b P s
2SUE £z coserved hors. In Lol cases tac Irac-
2 - e - . o - - - - ES s - -
iz iznivel ocne Jle aver s liss tiaen et
-~ g d Y i em = -— . - P Y - -~
giic X Toonltvs. o nadileTiny o crooroat Loallusuon oon
L "
o m e - .
P "~
- -
- - - - PR - i . 2 - PR En DAL L N $4
oTroniitas 13 OSnCh LA LB e
Ly ': - & - . £ o - -J-
Zirne2? zzuicns. Tho nenfertile plc
T. - & [FIN SN - ke & . )
sis Testivencss of Serstilization In
. K PR 3 -~ foderd e ~
ra2latin cunts of C;—l;( are elso cusavved.
- amaest —_—n e = R . &
-8 ¢ e grnrouimeter: ciual to taocse Iin
- % e tamd g wee -
PRI I3 whather thls reflecis normel
R - .y - % RN =5 £
tel ¢ cmool Juwly Lo, Mirnimal amdunts of
LA = - > -, . -- . - = e - h! Pl E o -
M-t 2! - = ; T T sl and, =2s tefcre, no scil wpualz
- 2 .
T
- - -
Irantiocg, ezuor

e ~l.-) N

J.,.I‘ .
ptel- SR KRRV , -

Concidering the relziionships for the previously foliar contaminated
fertile plots, 7-15 per cent ¢f the initial Zn-£S5 concentration was observed
after the one year in all three fractions. Cesium-137 showed less than one per
cent, possibly indicating fixation by the soil. The nonfertile plots showed 11-18
per cent of the initial Zn-€5 concentration in all fractions, again indicating
the effect of fertilization.

AN

; In the previously conteminzted soil plots, the fraction of Zn-£5
wencentration observed cne year later was creaster, for all three ccrn frac-
ions, than thzt expected due <z radiocactive decay zione, but only in the

fertile plois., The nonfertile plots approached the expected decay rat

10b83b3
DOE/HQ



Tabie V

Uotake by Corn Fractions (pCl.kg;

Codet As in Tacle 2
Zneif Cs-137 ,
: KERELS =ozs HUSKS KERNELS ; coss B oHuss. :
C 3/ /i- 9/it= 1. 9/ls- 1S/l 1 9/16- i o/i- 9/3é- i 9/l 10/1- 9/16-
‘ = i N sc i P is & il 30 13 30
. K NH 156216 {] 102:3C NH f 21636 |i N 38a ii 4, b NH 39ai2
FF NE 1 130Ca35 || 84lelt 823122, 473436 [i  NA 34y 8 ” 45al0 66235 || 39a13
75 NHK | BE%aT? I t9sa3z e90s sa;, 348436 ;l NH 26 € IE 40413 4223 || 42a14
N NH TR 2 s * | M 29 © ,i 30411 42426 34413
NFE W 3215,E% ’ 19004£3 H ,’ 1200252 [} NH 10230 || 104a12 NH 86ul4
XF3S 1780,027  1870afE . 11%Ckdt M 726020 1! 00,22 7511 |1 7112 NH 83412
Wn-te RURh-:C€
e KK a0t 12 6 NH ' H NH | 3 ;: % NH i ‘ ]
H NH 1 2 PR * .: NH s Xl 1 * : 1
Fs NE * 2 1 % . Mk H N ] S 2
NES K t x 2 L I NE 2 ] t ' ]
NFF N 3 2 NE Bela P NE I wola
NF3 2 22,10 mell N 21,13 1 & % NH i 1
-1zt ZrNb-35
e NE : H 2 NH L S NH N i t N I e
o= N O a 2 * o NEC 2 £ e
. oEs x5 + " * + W e 1
. \EC NE 2 H & ] ;‘ NY 2 : 2 | :! 3
NFF NE 1 2 " T r 1 Wi s !
NFS " 2 2 v PR N PR " N1 8
but never exceeded I:. Ccrrespendingly, the fraction for Cs-137 was always
greater in the fertils piot:s., Whatever process influenting the biological
half-.ife was aprerently zf7ected by fertilization of the soil.
Recontamingticn S=udyw
Upen reviewing the results cbtained in this siudy, and comparing
them with similer results from the 1964 study, it Cecame appa.ent that the
concentrations o0f Zn-22 and Ruzh-10¢ in the crops were only egual to or

lower than these cttained from the seme

year befsre
radionuclides were delivered to the plot

(z) .be verdor did nct

"
o (2) some resscr

-~
~a

all three

Three pecssible reasons were assigned:

crops grown on scil cecntaminated the
(1) not alil of the
during the spraying operation,

sugply us with the correct amount of radicnuclides,
crors shoewed recduced scil uptake of Zn-£63

and RuRh-lOé. ach ¢f these possibilities was 2xamined in turn,

Examinaticn of the survey metasr readings taken during the dilution,
transfer and spraying operations, indicatsd that less than 5 per cent of the

ctal cross activity was lef: benind con bottles, drum and scraying can.

The amount cf sach radionuclide actuzlly delivered to the plots
wes determined Ly gamma analysis of the fili2r papér systams an d soils,
The concentiration of zach radionuclide per unii zrea was detarmined, then
extrapclated o yiald the emcunt 2f 2:zch nucliide delivered to the plot.
‘These zre c¢ivan in Tazle VII,

10b83bY *
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Takle VI
udadiiulir. -

zrige+ ¢of Time orn Urtare ov Corn Fraciioms

Zoce: A in Tacie I7

Fertile Fieoe Nonfertile Plot

Expecztec - Expected
.Gz Aatic Dectay ‘1962 1948 Ratic Decay
Nuzlice icliskg guset Rztio (pCi/ke) {pci/ke)  64:tS Ratio
CORN KERNZ. S
Feiiar Contarinatec
2n-¢t 1C,148 1,500 120 8 1al.3e 17,725 2,21 1:C.le  1:0.3¢
Ce~237 4,7cz 3£ 1:5.077 l:C.%t 13,682 122 1:C.007 1:0.95
S0il Contacinated
Zn-ct 1,412 gEs 3:0.e3 1:0.2¢ 5,232 1,664 1:0.31  1:C.36
Cgal3? [ 33 27 1:C0.247 . 1:C.08 s< 64 1:€.33 1:C.9€
COR'. COES
feliar Contaminatec
Zn-tt 1,222 g3l 1:2.07T 0 1:C.3t 1€,7%C 1,900 1:0.11  1:0.36
Cs-i27 -2 &7 1:C. 007 1:0.6% 17,300 104 1:0.006 1:C.98
Sci. Contaminated
in-£S 1,003 84l 1:0.80 1:C.3¢ 5,ELE 1,15¢  1:C.20  1:C.3¢
Cs-127 it 4l sil.Be 0 13CL.0E 20¢ 71 1:0.24 1:0.96
CORN HUZS
Fc:iar Contaminated
Zn-£% 4,38 e 1324000 1sCl3¢ €,72¢ 1,200  1:C.18  110.3¢
Cs-i37 £,0C¢ 3c 110,008 M:il.%E 13,45C 86  1:0.00¢ 1:0.98
Scil}Contaminatef
Zne¢= sl% ! et Isl.er 1:C.3¢ 2,29¢ T2 1:10.32  110.36
Cs-127 7 e NSO T E 11 108 $3  1:0.27 1:0.98
Tapie VIZ
Radionuclide Concent=asion Deposited on Each Plot
iie Plos Nonfertiie Plot
v iter By Scil By Filter By Solil
Nuzlige Pepesr A~z.vsics Analvsic Papes Aralvsic Ana.vsis
RuRn- 132 [ C..79 C.0BE C.iB¢

. am )
Ce~l3 c

-8 KI5 0.44]
Mn-54 (15 C.391 0,448

Za-£8 D.241 T 0,134 £.110

0.501
0,476

.13

Relative to each other, less Zn-65 and RuRh-10% was delivered
Based on this data, we were convinced that the amount of
Zn-65 and RuRh-10%4 we received was low by factors of 2 to 5.

10683b5 ”
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Resui*s for uptzke by lettuce from contaminated soil for Impact
5 and &% are compared in Tetle VIII, Resuits below sensitivity were assigned
an arpitrarv vaiue of 10 £Ci,/kc. "No harvest" periods were nct averaged,
neither were the ercor values for I-yz.% (5.
Table VIZT
Ia¢tuzes Compacison Impact 64 and 42
{pCt'kg}
Code: P = Plot Type
HPF = Harvest Perilod
?
=T N 2 K 4 ) [ Averace Rasio 54165 .
In=¢%
FS-od  2I:i L& NE W 2310 373 789 110,36
Fs-e2 4ll 2z 283 213 402 NH 285
NFS-5s g4 3¢s 124D 1683 122C NH 1060 111,05
NFS-22 388 S2T ez 859 2240 N 1125
Cs=127
F3-%a 103 - Nn B 14t % £2 113.89
FS-et  &11 Il 3¢ 13 340 NH 3z2
2t E ses P ice NE 129 115,45
2l 27 sl 4m3 e NE ~Ca .
¥r-Zd
F3-%2 L3 L2 N N= £ a 46 118,58 .
FIoge g3T el =" 2" =g” NH 37z
% 2 % LES 131 NH g9 1112.92
$Iv iEi g2 ~Iz 2343 N 108}
Aumn-128
L NE o 283 129 164 116,59
FS-23 ol Lid 123 e gs NH %8
NF3-6¢ 13 LE8 22 323 cs NH 233 11872
NFS-68 . 32T LSS ies 145 2 NH 172
Averaced uptake of Zn-£5 and RuRh-106 were lower by factors
of 1.5 to 3, for Impaci 22, ihen in Impact %4. Cnly Zn-25 in the nonfertile
-plo‘s showed egual averaced uptake for both years. Sucprisincly, hcowever,
poth Cs-137 and Mn-54 leveis were substantially higher fer Impuct 65, 1. e.,
5-137 by factors ¢f 4-% znd Mn-34 by factors of §-12. In fact, Mn-54
which was barely deteciable in the fertile soil pliot in 19€4, was very much
in evidence in 1945, 7Tnis is mecre typical of the predicted behaviour of the
Mn-34 under +hese condiilons. It is pessible that this is due to a drastic
change in scil pE during Impszct 4%, but this is unlikely since the type and
ameunts of fertilizer used were the same for bo*h years. Since we are reason-
acly sure of thz amcunis ¢f Cs-137 and Mn-I4 delivered 0 the plots in -963,
or.e may onlv speculzie as <o *he accuracy of the radicnuclice siandaxds used
for Impact 4. '

10b83bb
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in generel, th2 paiterns cbserved were similar for both
chieses, The nonfertile plcte showed substantielly higher concentrztions of
&l Tour radionuclides than did the feriiie, confirming the effectiveness of
fertilizatiocn in reducing uptake by iettuce. In the fertile plots, Mn-54,
Ce-127 and Zn~65 were +he dominant nuclides. Zinc-65 and Mn-54 were the prin-
cipel nuclides appearing in the nonfertile picts, with Cs-137 also showing
consideretle activity. Ruthenium Rhodium-106 was slso present in lettuce
from both plots, but ir lesser concentrations. Interestingly, a peaking
effect was noted in the Impact 65 nonfertile plots with Zn-45, Cs-137 and
Mn-3¢ during the last harvest period, but nct for RuRh-106.
Tomz+oes
A similar compzrison for tomatoes is made in Table IX.
Jetie X
omezzes: Comzerisen lmmac: & gng 45
{pCi kg}
Code: A: in Tarle VIII
F . . . c
Gt ; ‘ N Average Ratio H41if
7_";-':‘:

Fione 1282 9Tz 1320 13T 1216 1i11.E2

FS-ct N= 3TE: =5t N lESS .

NFS-nt 3042 2020 1610 1382 21E% 110,42

KFS-<t 323 £i e ¥ 931

F3-4¢ 3 3 £4 " 3€ 116,00

F3-4t % s ¢z N 222

NFS- 3¢ R S 126 i 82 Liig

KFS-zit 221 i e N 182

[ S

FS-62 x 2 £ % 10 1:3.0

FS-2t N 2 52 NH £

NF5-6< % 2 2 v 10 113.0

NF5-£% g ) &z 3. Ns . 3¢

‘ RuRn-10¢

FS-6¢ 12 52 2 % 45 116,22,

FS-¢2 NF % " NH 19

NFS-5< ‘ o % % % 16 11C.55

NFS-28 % R %

As in Impact 64, only Zn-45 and, to a lesser extent, Cs-137 showed

uptake from scil. Average conven rztions of Zn-€5 and Cs-137 in tomatoes
'ere veriabie in comparing Impac to €5, No definite pattern could be
2stablished.

10bB3b1 | “8 0OE/HQ



Soll fertilizdtion does not appear to be effective in reducing
upteke by tomzioes. Ths reverse was cobserved in Impact 64, This apparent
-anomely may be due to z possible concentration peak observed in the fertile

piots only; no such effect was noted in Impact 64, Furthermore, the short
harvest period for tomatoes in the fertile plots, two periods in Impact 65 as
opposed to fcur in Impact 64, tend io make the effect of fertilization uncertain.

Corn
. The averaged results of corn fraction uptake for Impact 65
are civen in Table X to indicate the extent of uptake by stalks which were
not sampled during Impact %4,

Corn sialks showed the greatest uptake with all four radio-
nuclides. The predominant nuclide was Zn-65, and approximately 50 per cent of
the Zn-£2 activity in the ccrn was concentrated in the stalk. Cesium-137 and
Mn-54 showed little zctivity in the other fractions, but definite concentration
in the s‘alks (more tnar £ and 30 per cent respectively, of the total activity).
The Sua;KS alone showed concentration of RuRh-106.

IABLE X
mzact &%, Corn Pesults
Codet 7= Plot Type
= = Harvest Tats
KERNELS " coes HUSKS STAIKS
7. 3 i- 5 ine 9,16 191 9, 16= 10/1-
fim e R 22 ) 30 1%
n-6L
. (sCL xg)
F5 NE sreLl” 5904 .38 65C4E4 34%43¢ 19604401
. ES NE E3f.3. 543, 2§ " NA 295433 15304222
NFS 172Gy l4" R 11854 48 MH TZB440 4130436%
NES - \H tEl%ait 1070.126 N 445 a” 21304293
Cs-137
(pCLl'kg)
s NH 26. 8 aCy 13 42223 42414 2424131
FS o 4z, 7 86, 3 NH £6413 10204110
NFS 93432 ~5.i: Vig 12 NH 53413 3204100
NFS NE 262423 2864 46 NH 128429 6544117
Mn-%54
(pCL kg) .
Fs NE ) B 3 & BT
FS N 352 E B 9 NA® 47314 11004123
VFS 2 22al3 17e 12 NH 21413 872132
NFS V¥ 186423 185, 4R NH 144422 14204171
RuRh=-10%
(pCL xg)
7S ¥ 2 i ‘2 % 2 1 82i4682
73 hast 2 ' NE % £00ga2d
NF3 2 2 2 W 2 ~344503
NFS o * ? 2 N % £=9,455
I0bB3b8 49
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s-: Comoisiser Impaz: €4 and 48 [Averages onlv®

Kes=ne ¢ ookt Hus ke
kzaic Ratlic Rasic
Eoss Averzce [l Averace AL 3EE Average 64 1LS
2n-tE
F3- ez 8l.ET 103z 11C.5C £1¢ 11C,.5¢
F3-£E 3t 54¢ 29%
NF3-22 £32C L1l.iE SE1E 11C. 1€ 229¢ C.19
NFS-£: ezl SL70 (44T .
. Ce-12" ’
F3-52 13 L3l.EC g 110,84 7 110,82
FS-4t 43 3¢ 56
NFS-2&2 Jes I D - 264 110,68 198 1:C. 4%
NFS-£% I3 ZES 132
Mn-54
FS-6< e NI 1 113.0 12 1:4,7
F5-£8 33 3l a7
NF5-4- il M- - L1l8.5 13 l1ié.4
NFS-£E 182 )R- 144
RuRnh-10%
FS-6 a4 Lilll it 1.0 ie 111.0
F5-£8 i ' " 10
KFS-62 b [ i< 111.0 10 i1l.0
NF3-£2 N iC iC

The average concentration
factors cf approximately 2 Zcr the £
The ratios for each fraction were qu

137 showed approximately ecuesl concentrations in both phases.

f Zn-45 was, as expected, lower by

rtile plot and 5 for the nonfertile.
te consistent with each other.
Definite

from contaminated soil
are nct included.

Cesium-

uptake of Mn-54 was observed for Impact 65, particularly in the nonfertile

plots, whereas no uptake was noted during Impact 64. Uptake of RuRh-106

was not observed in either year.

The nonfertile plcts aczin showed higher concentrations of

four radionuclides, confirminc the effectiveness of soil fertilization in

reducing uptake by corn.

conciusions

Concgidering the two s
he uncertzinty of the accuracy of
scllowing conclusions cer be made:

I10b83b9 . | o

vb-phases as part of one overall study and
of +he radionuclide standards used, the
f=3
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1o Scil uptake is slower and mere selsctive. Only Zn-65
and Cs-127 showed zppreciable concentration in all the crops. Manganese-
%4 and RuRh-1C6 were not seen to any great exient except in lettuce and

corn stalks.

‘ 2. Stalks, sampled and analyzed during Impact 65 only, showed
the createst uptake of all the corn fractions. Approximately 50 per cent.
of the Zn-£3 activity in corn was concentrated in the stalk. The other '
nuclides showed little or no activity in the other corn fractlons but
definite concentration in the stalk.

3. 1In ceneral, fertilization of the soil is quite effective
in reducing uptake du2 to soil contaminaticn. Most fertilizers tend to
incresse soil pH reducing the solubility of ions such as zinc, ruthenium
and ma..canese and making them less available to the plant.

In modern acriculture, three inorganic fertilizer elements
are commonly zdded %o soils. These are nitrogen, potassium and phosphorus.
Potassium is added as & sal* that will furnish soluble K7 in soils; nitrogen
may be added either as the cation, NH4™ oT as the anion, NOj ,

Considering the complementary ion effect, it would be expected
that NHg" or K7 :cn would liberats a considerable amount of fixed Cs-137
into a labile form. If, however, nit-ogenous fertilizer is added as
CE(NO3)A, this fer:ilizar would be expected tc have little effect on the
fixed C5-127.

Cn *his basic it could be predicted that the addition of
Ca(NOg), fertiiizer wculd nave little e‘fec* on the uptake of Cs-137 by
p’aﬁts. If thes nitrczen is supplled a (VH4)2Su4, censiderable increase
in uotaxe 0f Cs-127 might be expected. From the same consicderztions, it
could be expec<szZ iRz if KT is added as K;SO4 in the same amcunts as the
NH4T, the added X+ weculd increase the uptake of Cs+ to about the same degree

as weuld Nrs=.

These ccnsiderztions take into account only inorganic soil chemical
principles. They do not censider the possible effects of microbiological
cxidation of NHa+ to NCz- ner do + =y take into account possible ion competi-
tion in plant upteke by the roo‘

4, letiuce, and perhaps corn stalks, aprear to be excellent in-
s of gammz-2mitting contaminaticn in the environment. Both sample
nowed concenirz<ion of all radionuclide species used. '

5. In the case of a contaminating svent, foliar deposition would
te the important mode of uptake if it took place when the crops were in
some advanced stage of growth. Assuming no further contamination, then
vegetzblee grown on those plots 2 year later wi:l show only a fraction of
the criginzl asctivizv. Thls will depend on the type ¢f crop, radionuclide

3 ! fertile plots showed

" W
- 1 - - - o~ - ' - S
species znd extsnt of fextilizzticn. Crops cgc-own c¢n

Sa.

(n
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~om 4l-1% per zen:i ¢f ths criginzl aciivity & year later; whiie the same
—-Anc . L S A ; o - DR _AR ] $p=
crops crown on nonferiile plote showed from 22-£% per cent ¢f the criginal
activizv,

Should deposition occur on the soil only, i.e.,-before seeding,
the initial radionuclide concentration of crops grown on those plots will
be substantizlly smailer then if the mode of deposition were foiiar. Nor,
will the reduction in zctivity in crops grown 2 year later ke as g*ea; be-
cause of the continued availebili‘y of the radionuclides from the soil.

ncountereo in establishing the re‘lab‘l ty
ec pcint very definitely to the need {
cy in standardizetion of radionuclides.

"€+ The difficuliies e
and accuracy of radionuclides us
‘establishing labecretcry competen
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RIGHELIGHTS CF THE Y-12 BICANALYSIS LABCRATCRY OPERATION

R, H. Kent

INTRODUCTION

" For those who have not had the opportunity to visit the Oak Ridge Y-12 Plent; (@) an overall

view is given in Figure 1. Perncps not as well known as our sister plant, the Oak Ridge
National Laboratory, it hes cpproximetely 4500 employees working on a rather wide range
of projects. A large porticn of these projects involve materials which, with indiscriminate
handling, could create ¢ toxicologice!l or radiological healtn problem. In order to assure
ourselves that no one is being subjected to hazardous conditions, the Health Physics and
Industricl Hygiene Depcrtmenrs ct the Y-12 Plant maintein ¢ close check on all Plant per-
sonnel, and the Bioanciysis Lcboratory, in support of these groups, analyzes o rather large
number ond veriety of sempies. Table | gives a list of the more common types of analyses
performec by this grouc. Rcther than concern you with a description of each type of analy-
sis, | went to discuss only three. These procedures have been chosen because of their low
cost cnd the shert time invelved.

ENRICHED URANIUM N URINE

A few vears agc, the Y-12 Bicenclysis Laboratory wes anclyzing opproximately 800 urine
sampies per weex fcr erriched uranium. This number is more than most laboratories enalyze
in o rwo-month pericd. Beccuse of this large volume, ¢ method of analysis had to be de-
velopec tnat wes bo:- regic ond inexpensive while, at the scme time, reliable. Electro-
plating wes choser as the metnod of anclysis because it offered the best possibilities for
meeting these requirements. After operating for several years with a manually odjusted
system, @ semicutemciic cpperctus was developed. This system, shown in Figure 2, consists
of ¢ bank of 24 plcting celis. Each cell is individuclly controlled by a servo mechanism"
which mcintains o consicnt current and voltage during the thirty-minute plating time. Twenty-
milliliter aliqucts are usec thet require no previous treatment, such as digesting with acid or
pH cdjustment. The hich current density (230 milliamps/cm2) is sufficient to give a con-
sistent recovery -of 73 = 5% on a 1.3 dé/m/spike., Comparisons of this method with other
methcds indicate that any complexes being formed in the urine which might inhibit plating
cre broken up in the electroplating operction. The big adventoge in this method of urinal-

ysis is thct the cost of anclysis is very low since only 12 minutes of the onalyst's time per

analysis cre requirec enc nontechnical personnel cen be used.

Atemic Energy Commission ey the Union Carbide Corporction-

C
w

e} Coercrec for ‘he
Nuclezr Sivision,

.
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Cad CCMMON TYPES CF ANALYSES PERFCRMED 3Y
THE Y-12 3ICANALYSIS LABCRATORY

w

Urine Somples
—ne oo s

3 U-238 Pb Sr
: Hg Pu Po=-210

Feces Somples
U-254 Po=210
Reoctor Sampies

i Pu-238 - Np  Cm
“h-git ‘Pu-239 Am

Process Solutions
Jfocess o viom™

U-22 No
=2

8|1

Miscelloneous Samples

=-2 4 =g .~ Heif Heavy Water Hg in Zinc
=z .- o emiem Comoouncs H-3 in Goses
Figs ze Sezoozis Z:=Nb, Ru=An, P} Po in Biood

1-3% e e

MERCURY IN URINE

One of the Leboretory's most successful anclyses is that for mercury in urine and other solu~-
ticns. The mercuromete- cnc filtering ecuipment we use.in the analysis are shown in Figure
3. Our limit of errer with thiz method is = 9.0% at the 0.4 ppm level, with o lower limit of
detecticn of .01 wg mi. T7ais limit is lower by a factor of 100 than can be obtained by
ctomic chsorpticn mettcc:. The method of operation for urine is as follows (other solutions
which mcy require ¢ lower sensitivity are handled in the same manner except that a 100-
milliliter clicuot instecd of 10 milliliters is used): -

The samples are filtered through o material which consists of csbestos fibers that have been
heated to 8CC° C in ¢ muffle to destroy any combustible material and then mixed with caod-
mium sulfide. A smcll pec of this matericl is placed in the bottom of o Gooch crucible at-
tached tc o vacuum manifold. The semple is cllowed to filter through this pad. Any mercury
present is trcpped os the mercuric sulfide by exchenge with the cadmium. The pads are
washed with water, then clcohol, and finclly cried for opproximotely ‘wenty minutes. The
pacs must be thoreughly dry so that no water vapor enters the instrument. Known standerds
are orepcred at the same time using 0.1 to 0.8 pg/ml sclutions of mercuric nitrate. The
crucible contcining the sample is then placed in o down-draft furnace connected to ¢
Gernerc! Electric instantcneous mercury vapor detector. Since the furnace is maintained at
12C0° F, eny mercury present readily volcrilizes and is detected by the vopor detector. An
integrating device s artcched tc ihe vepor detecter wnich gives the result in counts per four

minutes. {(Four minutes is the cmount of time requirec fo compierely vaporize and aetect cny
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crcury present.) A fcztor, using this count rate orn the stcnderds, can readily be made for
use on the unknowns. Tne Y-1Z Quclity Control Depcrtment routinely sends in spiked urine
sampies ct tnese levels brezering the meximum permissible level (0.3 ppm) plus o blank under
fictitious names, These volues are reported monthly ancresulrs over the years have been quite

good. We have hed very littie trouble with this instrument and it also lends itself very read-

ily to the anclysis for mercury in plant effluents, lithium compounds, ond presently on core
cdrillings for zinc mine explorctions. This method of anclysis was originally breught to our
attention by an article in the December 1956 issue of "Industrial Hygiene Quarterly of Work-
men", Mofiett and Doherty. |

Recently the procedure has been refined as to the method of sample introduction and readout.
Approximately four sampies car be analyzed per hour with our present equipment. Our ex-
perience with employees known to be excreting mercury does not indicate that there is any
advantage in ¢ pretrectment of the urine. Use of a muffie furnoce rather than a bunsen burner
gives c better control cf the temperature anc, consequently, a more reproducible rate of mer-
cury volatilization from scmple tc sample. The vopor detector, olso seen in Figure 3, is in-
stelled in o hood. This preccution is adviscble since a lerge number of somples are run and
this prevents contamination of the laboratory. ‘

POLONIUM=-210 IN URINE

xcently the Bioenclysis Laborc:cry hot cccasion to anclyze urine for polonium=-210. This
b seemec to involve ¢ simple procecure since much has been written in the literature on
this analysis. We decidec to use c spontaneous-deposition method on nickel foil ot on el-~
evated tempercture. This method is similer to that described by Feldman ond Frisch ot the -
University of Rochester.(b) Snixes solutions gove recoveries of approximately 98% which
are certainly acceptcble excep: thct we soon found out that samples which required both a
polonium enclysis and ¢ urenium anclysis by electroplating gave higher counts by electro-
plating then spontanecus deposition, and when these urines were analyzed chemically for
uranium the difference coulc rot be completely accounted for. Flaming of the electroplated
discsreduced the count, which wer another indication that polonium was plating on the nickel

. disc ond not uranium. This discreponcy indicated that for some reason certain urines had

polonium complexed in such o monner that it would not spontaneously plate, although when
spikes were added to row, unexposed urine, the recovery indicoted that the procedure was
workable. Table Il shows the difference observed between spontaneous deposition and elec-
troplating of urine from five different subjects. Nickel foil was used for plating, the solu-
tion waos stirred et @ medium speed, ond. the temperature of the water bath in which the
picting cells were placec wes mointained ot 90° C. Plating continued for two hours with
the sides of the cell flushed down cfter one hour.

An experiment was designed to determine what effect ascorbic acid would have on these
urines since the literature indiccted that polonium wes inhibited by iron when analyzing

(b) Ancl Chem, p 2024; December 1956,

1068311 - 58 - | DOE/HQ
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- CCMPARISON OF METHCDS COF ANALYSIS FCR
PCLCNIUM-Z10 IN URINE

Concentrotion {d-m/24 nours\

Row Digestec
Spontaneous Spontoneous
Specimen Cee Electroplered Deposition Deposition
i 3= 49.6 7.9 63.1
s 3.7 135.8 40.4 142.0
4 = 91.2 44.2 92.3 .-
IS -Z2 4.0 5.4 8.0
? 3=z 10.4 25.8 42.4
M -3 ¢.5 9.6 9.6

tissue anc feccl mcirer. The procedure used in this experiment was to take a 24-hour void=-
ing from o subject known tc be excreting polonivm. Seven aliquots were token from this

.

24-hour voiding anc the resciis cetermined. The results ere summarized in Teble 111,

Teole Il

IMPISIMEINTS TC DETERMINE EFFECT OF ASCCREIC
ACIC CN POLONIUM ANALYSIS

Results
Cize-mer- Somcie Trearment (¢ 30 min)

E %z .tire - electrooicres o 0/ enrichec uronium oloting metacd. 50
- Tza crize - ne cscoroic ceic - no digestion = 0.5 N HC - @£
‘ veiume aciusred ¢ 100 mis,
- Scw otme - 200 mgs escoric acic = §.8 N HCI - volume )
- zzierres o TG0 s,
. Cizetrez wism =NCaanc HCIC s - neutralized - 200 mes 62
b : s zeic = 0.5 N HC - volume csiusred to 100 mis.
- i ~NC -cnc ~CiC 4 = neutraiized - mo ascoroic g5
- N =Cl - veiume acjusted to 100 mls,
: xperiment 5. 3
- :';e:.'e: witn SNCrcng HCIQ4 - neutrclized - 200 mes ) .
’ stez-tic scic - 2.5y HCI - voiume only edjustec 1o 30 mis. °!
z fesicue frem Ixperiment 2. 48

mrh the excepticn of Zxperiments 1 and 7, all aliquots were mzce to 100 miililiters. The

esult in Experiment 1 wes adjusted to thet of a volume of 100 milliliters. The data indicate
thet escorbic acic ¢id not improve the recovery and that much greater recovery could be ob-
tained by digesring the urine soecimen first, As c further check on whether the polonium was
remeining in soluticn, the remaining solution in Experiment 2, ofter two hours of plofmg,
wcs remcved, digesiec, cnd tne ccidity adjusted to 0.5 N in HCl (Experiment 8). As indi~
cated, 48 counts were cttained. Tnis number added to the 40 ottained the first time gave
88 counts, which is cemcarcele to Experiment 5. This result, to us, indicated thet unless
specimens were predigesied to physiceily breck up cny comgiexes existing, there wes the
ecssibility of reperting excosures too low cnd thar cithough there mcy be some ion in these
soiutions the: s inniciting the picting, cscorbic ccid jor ore is not sufficient to complex
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cut tn

ec nct not cll urines we anclyzed snowec this discrepancy
cigested urine, which might indicate that this phenomenon is @
prosuct of the indi cie:. Unicrtunctely, or fortunctely depencing on which way you
lcok ct it, we did not heve but ¢ few people excreting measurable amounts of polonium and
‘these for only @ few weeks. Thus, we were prevented from getting as much date as we would
have liked. When looking at the results indiccted in Table I, it would seem that o prefer-
oble woy to onalyze for polonium would be by electroplating and thereby eliminate the time
involved in digesting the urine. In plants where the only exposure potentiol is polonium this

suld probebly be true, but where there is olsc.uronium present, the uncertainty of whether

it is polonium or urcnium removes this method as ¢ possibility.

(3

dsien, Is shouicd be p
be‘ween Cigesiec GnZg n
A\

In conclusion, | would like to point out that the analytical methods here are not unique but
do offer the acvantage of economy. The cost of performing the mercury and uranium analyses
in urine is lower by o foctor of cpproximctely 20 from that of such other methods as solvent
extracticn or ion exchange, whiie at the same time accurc.y has not been socrificed. In
eddition, only ¢ smcll aliquot of urine is needed for these analyses which allows specimens
to be token on the jobrather than subjecting the employee to the inconvenience of a 24-hour
collection. Fincliy, it cppecrs thct metcbolized polonium may behave differently than or-
dinary polonium which is cdged cs ¢ spike and, therefore, gives a false indication of recovery
efficiency. :
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A PRY1Is OF THE PRUPOSED LUNG MODEL

Paul E, Morrow

Departments of Radiation Biology and Biophysics,
and Pharmacology

University of Rochester, Rochester, New York

The lungz model currently used by the International Commission on
Radiological Protection:- and other groups to estimate radiati on dose from
inrtaled radioisotopes is well known for its simplicity and general utility.
It has served a verwv important need of the health physicist.

In relationship tc the information available on dust deposition and
clearance, 2ir samplinz technigues and instrumentation, and on radiocactive
hazard evaluat-on genera
10w

erallv, it became apparent that this simple model did
not utilize this knowlasdze to any important degree. 1In order to bring about
an increased utilizaticn, & new model of greater flexibility and complexity
was indicated. Since cust sampling is so fundamental to health physics and
to environmental assev in particular, it seemed appropriate to build a model
around this basic procsiure, Cf course, this would have its main effect on.
considerations ¢ cdercsiticn,

hand, ha¢ to be described in terms of the

iratory tract and the major redistribution pathways
g this portion of the model up to the same level
ty of "soluble" and "insoluble" dusts had to be
con t that the physical-chemical properties of the.
dust are Lupor,an in cieerance needed expansion so as to emphasize the impor-
tance of th facter in retention. Finally, it was recognized that some
cognizance o‘ the variable nature of respiratory performance under different
work loads was needec. With these general ideas in mind, Committee 2 of the
ICRP created a Task Groupr to undertake the creation of a new lung model and

the fo%lcwing discussion will briefly describe the essence of the Task Group
report<,

Clearance, on the othe
cifferent regions cf t:
anc mechnanisms in order ¢
ci sophisticaticn. The &md
~eliminated but the basic

.|.4

Deposition Medel

The experimentzl data and the theoretical treatments of dust deposition
were critically reviewed. From this, a group of experimental studies emerged
as being the most carefully controlled and least equivocal with respect to
deposition measurements and assessment of the aerosol utilized, From the
thecretical work, Findeisen's respiratory model3 was selected mainly because
el irs sLm311c1cv, but the method of calculating diffusion depositicn was
Todifiec” and 3 resr*~at0“" pat:e*r based on several pneumotachographic
stucdies in man was used’,

1068380 . DOE/HO



These two bodies c¢f informetion were found to be similar in their size-
cepositicn relationships., They tendec to diifer somevhat from several descrip-
tions in the literature in cne impertant respect, namely, they indicated a
relatively grester role of the nasel passzges as a deposition site and 2 less
impertant role for the tracheobronchiazl tree, The overall prediction of
respiratory tract deposition was not greatly different, however,

The selected datz on nasal deposition are summarizecd in the first figure
(Figure i) in which the experimental results of Landahl and co-workersb are
portraved in relation to an empirical deposition curve obtained by Pattle”
using monodisperse aeroscls. In the figure, N is the fractional deposition
of particles with an aerocynamic diameter Dy, and ¥ is the air flow rate
(1/min.). The different svmboels denote studies with different substances
some of which were hycrosccpic (dark triangles) and some not (inverted open
triangles). The agreement seems to be generally good. The Pattle curve was
used for a2ll ceziculations of nasel Ceposition in the subsequent descriptioms.,

The theoretical deposition curve for the lower respiratory tract was
based upon a modification of Findeisen's model as already noted. On the basis
oi nasal breathing at & 1£5C =1 ticel volume and a respiratory frequency of
15 respirations per minute, the curves depicted in Figure 2 were obtained.

Selectec e\pe*lmental datz are compared to theoretical curves in

Figure 3: these curves are for mouth breathing (upper) and nasal breathing

lower), respectively, Wilscn and LaMer8 effectively eliminated nasel-
sharyngeal (N-P) depositicn bv breathing through a tube. Their deposition
data corrected for the hygroscopic growth of their aerosol is depicted by the
dotted line in the upper figure. The lower curve shows Hatch's estimate of the
deposition data of Brown anc co-workers? using nasal breathing. In both curves
the solid line is derived frso Findeisen's model.,

cut the actual deposition compartment in the
case of Brown's study as it based primarily on the CO; levels of the
respired air. In the case of the Wilson and LaMer data, there is also a
complication due to the hvgzroscoric nature of the aerosol; here the question
of the precise reiative humicity is profoundly important. Nevertheless, both
sets of data seem to fit the theoretical values reasonably well. No experi-

- mental data were available on particles of submicroscopic size nor on tracheo-
bronchial deposition alone sc it was necessary to rely on theory in these .
cases., Alsc variztions in deposition induced by changes in tidal volume were
estimated on theoretical grounds.

There is some questiorn &
¥

- In order to incorporate dust sampling information into the model, it

was clear that some way had to be found whereby dust distributions could be
described and utilized conveniently. Assuming most distributions can be
successfully described as log normal, several approaches were developed,
For example, using the basic deposition curve alteady alluded to, e.g.,
Figure 2, and working with various distributions, i.e., different count median
aerodynanic diameters and different degrees of heterogeneity expressed by

eometric standaréd deviations (-c) from 1.0 to 5.0, deposition curves for

each distribution were calculzated. See Figure &,

1068381 2 ,
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Figure 1: The empirical data of Pattle are represented by the straight line.
The svmtols have the following meaning: <+ methylene blue - 17 1/min;
o glyvcerol - 17 1/min; A bismuth subcarbonate - 17 l/min; [J tyrosine
- 17 1/min; ¢ corn oil - 29 1/min; bismuth subcarbonate ¢ - 60 1l/min;
tricalcium phosphate - 17 1/min.

Ultimately it was found that the median aerodynamic diameter of the
activity or mass distribution could, within practical limits, describe the
activity or mass deposition potential of the entire dust distribution.
Stated another way, it was found that one parameter, the MMAD or AMAD, gives
f the overall deposition c¢f the entire dust cloud in

ar adequate indicaticn o
various regicns oI the respiratory tract, irrespective of the heterogeneity of
the distribution., See Figure 3,
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Figure 2: These curves were computec bv a method similar to that used by

Fincdeisen, 4 &£ second respiratory cycle was assumed with a 0.2
seconé pause, .,”- seconc inspiratory phase and 2 2.06 second
T

expiratorv phase. ne tracheobronchial estimates were corrected
for an addicionzl 50 cxn” representing the first part of the
rebreathed air which is considered free of dust particles.

ticel grounds that doubling or tripling the
triple minute ventilation, did not produce an

It was determined
tidal volume, so as to

0. Q
'y )
[
[l ('
[BRES
mom
[»]
O
l-( m

important shift in the mass deposition pattern (percentage deposition in each
compartment). Rather, it appeared that such a change in respiratory performance

mainly alters the amount custy air breathed and provides a direct proportion-.
ality between minute ventilation and the absolute mass deposition,

Finally, a convenient and simplified graphic description of the deposition
relationships for the two respiratory regions was created. (Figures 6 and 7).
While for the third, the T-3 region, a constant deposition value of § percent
was assigned. Note the constancy of T-B deposition in Figure 5.

Ciearance Model

A review of the literature revealed (a) very little attention had been
given to the study of clearance in the nasal passages, (b) information
regarding tracheobronchial clearance tended to produce two widely different
views of ciliary transport kinetics ané (c¢) little quantitative information
and few lucid qualitative descriptions were available on phagocytosis and

ymphatic drainage, the dominant clearance processes serving the pulmonary
region. The Task Group concluded however that a group of values (including

1068383 64
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PULMONARY  DEPOSITION

AERODYNAMIC DIAMETER

Tigure 3: The upper curves are for mouth breathing. The solid line is
theoretical; the dashed line gives the data of Wilson and LaMer;
and the dotted line indicates the change in the Wilsen and LaMer
data at 99.5 percent relative humidity., The lower curves are for
nasal breathing. The solid line is theoretical and the dashed
curve is based on Hatch's estimate of the Brown et al deposition

data.
many ecucated guesses) could be compiled which appeared to be consistent with

the best available datz. The information emplioved came from widely diverse
scurces, stch as the encdocviotic studies in the amoebz; studies of flagellates
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€3+ MASS DEPCSITION IN PULMONARY SPACES
_i AS A FUNCTION OF

gy AZROSOL DISTRIBUTION BREATHED
| ,

MASS DFPOSITION - PERCENTAGE

003 005

Figure 4: The mass deposition precdictions for various aerosol distributions
are depicted. For exam:le, at a count median aerodynamic diameter
0f 0.5 i, the mess deposition in the pulmonary region for distri-
butions having geometric standaré deviations (cg) of 1.2, 1.5, 2,0,
3.0, 4.0 and 5.0 is predicted to be 25, 32, 48, 16 and 3 percent,
respectively. '

and the cilia of mollusks; measurements of mucous flow in tracheal prepara-
tions, usually in rodents; measurements of dust clearance from the respiratory
tract of man; in vitro studies of phagocytosis, usually employing peritoneal
macrophages, gastrointestinal absorption and reticuloendothelial blockade
studies in mammals; measurements of lymphatic flow in experimental animals;
transport of monomeric and polymeric metals across membranes; cell turnover
studies, etc., By utilizing these kinds of information, some aspects of all
the known clearance mechanisms and pathways serving the respiratory tract

were brought tocgether into a working model schematically presented as

Figure 8. '

It seemed inexcusable to use any model to the exclusion of the available
relevant datz which have been obtzined rather directly. This was especially

I0b8385 | 66 |
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DEPOSITION FRACTION

Figure 5:

10b838b

MASS-DEPOSITION PROBABILITIES
WITH DIFFERENT AEROSOL DISTRIBUTIONS

— 2100 ml.
~=== 700 ml.

i |
ol 10 10 0 100

MASS MEDIAN DIAMETER-MICRONS

Mass deposition predictions are given for various distributions
represented solely by their mass median aerodynamic diameters.

_RT, N-P, P and T-B, signify the total respiratory tract,

nasopnar;mgeal, pulmonary and tracheobrcnchial regions, respectively,
Tor each recion the effects of modifying the tical volume from
700 o 4CC ml ere incdicated. '
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true in the case of clearance dataz so the proposed clearance model utilizes
two types of clearance information, viz., estimateé values which are largely
based 'on analogies are usecd for "untested'" substances, and measured values
iken from various experimental and biomedicel sources, including accidental
.uman exposures, are usec wherever applicable. The latter have priority cver
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Figure 7: The average pulmonary deposition re-
lationship implicit ia Figure © hes
teen replotted on a log-provarility
greph in order to oobtain a conveniernt
lipear forz.

the former in everv instance. In both cases, a series of exponentials was
advocated for describing and reporting clearance information. Generally, one
cr more fast phases were regarded as being dominantly but not exclusively
associated with the clearance cif the ciliated areas of the respiratory tract
(N-P and T-B) and usually one slow phase is associated with the pulmonary
‘compartmen:z, but this exponentizl was regarded at the net expression of several
ciearance mechanisms having esserntially the same kinetics. GSee Table 1,

O~
0
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\;SPIPL OPV TREACT CLEARANCE MODEL
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Figure C:  Tze D notations signify the aerosol
inspired (1), expired (2), deposited
:» compertments K-P (3), T-B (L) and
P (5}, respectively. The letters e,
¢ axné e denote absorption from &if-
‘ferernt respiratory compartments inoto
the svstexmic circuletion. The letters
t, ¢, £ end g are ciliary mucous
transport pathweys, with £ and g
specisl ceses in wkick phagocytosis
precedes the ciliary process. The
irflux end efflux of materiel from
the lung parenchymes to the lymph nodes
is denoted by h and i, respectively.
An importent redistribution process
indirectly essocisted with respiratory
trect cleerance, i.e., gestrointesti-
ns® absorptioz, is termed "j".

|
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Tabie I. “Constants For Use With Clearance Model*
Class (D) Class (W) Class (V)

N-? (a) 4 min/0.50 4 mian/0,10 4 win/0,01
(d») 4 min/0.50 4 min/0.90 4 min/0,99

T-B (c) 10 min/0.50 10 min/0.10 10 min/0.01
(d) 10 min/0.50 10 min/0.90 10 min/0.99

? (e} 30 min/0.80 90 days/0.15 360 days/0.05
(%) N.d. 24 hr/0.40 24 hr/0.40
(2) N.a, 90 days/0.40 360 days/0.40
(n) 30 min/0.20 90 days/0,0S

360 days/0.15

Lv=rh ()

30 oin/1.00

90 days/1.00

360 days/0.10

* The first value in each pair is the bioclogical half-tite
of the particular compartmental process; the second value
is the frac:zion of the material within the compartment
which follows the half-time value,

The last step in creating the clearance model required the compilation of
common compounc forms of the important radionuclides. -These materials were
in turn classified acccréing to their predicted retention in the pulmonary
region. Realizingz that lung clearance half-times vary from hours to years,
it was felt that the olcder clearance format was unable to deal with the most
rapid and slowest cleararnce situations, especially the latter (except for
plutonium and thorium which were treated as special cases). This led to
the decision to create three clearance classifications with one classification
(T) for materials ¢ prclonged retention represented by a 360 day half-time,
The rapid (D) and intermeciate (W) clearance classifications are similar to
those proposed by the cléer model (Table I) except for the much shorter half-
times assigned the N-P and T-B regions.

Perhaps the best way to indicate the use of the models is to work threcugh a
ypothetical case. Imagine a man under. comparatively normal working conditions
being acutely exposed to an aerosol of enriched uranium dioxide (95 percent
U233), with & concentration of 10~® microcuries per liter, meaning the maximum
permissible concentration in air for a 40 hour week has. been exceeded ten foldl.
The AMAD was found to be 5.6 microns with a geometric standard deviation of
2.8. According to the deposition model, 80 percent of the U is expected
to deposit within N-P region, 8 percent in,the T-B area and approximately
10 - percent in the pulmonary region. Refer to Figures 6 and 7.

h

of view we utilize the class Y

From the clearance pcint constants in
Table I except that 120 cays is used for the clearance hali-time of the P
region., This value is btased uvpon actual measurements in man and experimental

animzls which are summarized in Appendix 1 of the Task Group ReportZ, Turning

-~



iv attention te 10 percent of the 1235 activity breathed now deposited in the
.ung parenchvmz, we estimete 40 percent of this will be removed with a half-
time of 24 hours to the gastrcintestinal tract ané the bzlance will be cleared
with the 120 dav half-time, i.e., 5 percent of that breathed. With this
particular example, the clearance half-time is identical to that used in the
.older model, but we can judge from the difference in the deposition that the
10X MPC exposure is only about & half to a third as effective in producing
the long-term lung burden as the older model would predict.

It would be easy to create exanples with enormously different circum-
stances in which the newer approach would give & much higher estimated hazard
compared to that given by the older model., The main point to be made is
that the newer model does not ipso facto increase or decrease the permissible
exposure levels., It sttempts to meke use of the information and opportunities
usually available to the hezlth physicist so that he can work with some of
the realities of the situation and not be compelled to deal with a completely
arbitrary scheme. Both Dr. Snyder and Dr. Mercer will consider other aspects
of these models in the matters of dosimetry and implementation of sampling.

The final point which has been left until last on purpose is certainly

most difficult to discuss at this time and certainly most fluid in the view
of the Task Group and Committee 2; this concerns the questions of lymphatic
drainage and the general kinetics associated with material moving into and

out of the lymphatic tissue. There is evidence that lymphatic system and
especially the lymph nodes serving the lungs can on occasion be the critical

rgan. In fact, according to the model that we are discussing, there are
possibilities that the lymph node dose can be so significant as to overshadow
the lung dose in the setting of standards. Our concern should not suggest we
are attempting to squirm out of a difficult situation because it looks so bad
for the lymph nodes - but we do want to be more certain about the dust buildup
in and clearance from the lymph nodes serving lungs and learn more about the
nature of the lymphatic system itself. Also of special importance are views
on lymphatic tissue turnover (presently a highly controversial field), the
radiosensitivity of lymphatic tissue and the risk to the individual from
suppressed lymphatic function. I will conclude by saying that a great deal

of thought is being given to these topics at this time, perhaps some commentary
from Drs. Morgan and Snyder will be forthcoming at this meeting since they
have just returned from a session on this topic. Ir any event, I will not
attempt to discuss this interesting question further at this time because of
its complexity and unsettled nature.
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HE USZ OF THE LUNG MODEL FOR ESTIMATION OF DOSE*

W. S. Snyder
Heclth Physics Division
Cak Ridge National Laboratory
Oak Ridge, Tennessee

Abstrect

Using the lung model developed by the ICRP Task Group on Lung Dynamics, one
easily obtains estimares of the uCi-doys of residence of inhaled radioactive

aerosols
nasophar

in three regions or comportments of the respiratory tract, namely, the
ynx (N=P), the trochec and bronchial tree (T-B), and the pulmonary

compartment (P). The report also provides an estimate of deposition and reten-

tion in t

he lymph of the respirctory system (L). Formulas for the pCi-doys of

residence in each compartment cre developed in terms of the parameters used

_in the re
problems

port to define the mocde! end to characterize the aerosol. The dosimetric
involved are discussec end formulas developed for expressing the dose

"to each of the compartments cnd to the lung as o whole. Adjustment factors are

given to

take account of the cctivity median aerodynamic diameter of the aerosol.

For olpha emitters anc bete rays of short range, say, less than 20 p, the dose to

the N-P

cnd T-B regions is computed by considering the radioactive matericl as

a surface deposit. For phetons gnc beta rays of greater range, much of the energy
is absorbed outside the rezion of ceposition, ond the dose estimate is an averoge
for the lung as o whole. Foilowing vears of continuous exposure, the lymph of

the resoi
gceordin

ratory system wiil canicir o significant fraction of the total lung burden
¢ to the presen* iung mode!. Thus the model does predict high concen-

trations end doses in lymphotic tissue as has been observed experimentally ond

Qs a resu

[+ of humon exposures,

The lung model! used by ICRP to estimate volues of (MPC)Q(]'Z) was revised recently by

‘o task grou
task group(g)’

created to advise 1CRP Committee 2 concerning lung dynamics. The report of the
specifies ¢ more realistic and quantitative scheme for the deposition and clearance

of particulate matter from the respiratory tract than did the previous model. However, it does
not discuss the actual computation of dose to the various compartments of the lung or to the
lung as @ whole. Additional information needed for the estimation of dose to various portions
of the lung is discussed here, and methods of obtaining the dose estimates are presented.

*
Resea

rch sponsored by the U. S. Atomic Energy Commission under contract with Union

Carbide Corporation.
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he medel respirctory tract, as described by the task group, consists of three compart-
ments: the nasophcrynx (N-P), beginning with the anterior nares and extending back and
down to the level of the larynx; the trachea and bronchial tree (T-B), including the terminal
bronchioles; and the pulmonary (P) compartment. The schematic portrayal of these compart-(
ments, tocether with the associated deposition and clearance processes as shown in the report
of the task group, is reprocuced in Fig. 1. The letters D through Dg indicate the fractions
of the inhcled aerosol which are either exhaled or deposited in each of the compartments. The
task group finds that these fractions vary with the activity median cerodynamic diameter (AMA
of the aerosol, and graphs are provided in the report to show this variation. In the diagram
the letters "a" through "j" indiccte clearance pcthways from the compartments into blood, Gl
tract, and/cr lymph. It should be noted that the pulmonary region is not a simple compartment
in the usual sense of uniform mixing and elimination, since each pathway clears a prescribed
fraction of the matericl which is deposited, ond this fraction varies depending upon the solu-
bility of the matericl depcsited.

£0
D, E
NI
£0;
(@) I N—P (b) i
— ] N — Srna—————
R
i =
: - =0
D E ) = (@
.0 i) T—8 i 6
8 E '
D = ;
| | =05 A
i e) —— i ¢
;. -~ p “————'—’1 i
Y (hy =— (g |
| (1) ] l ‘
| | LYMPH !
] i) 1

Respirctory Trecct Clearaonce Mecdel, -

Figure 1.
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Both the omount of mcterici following o particuiar route and the rcte at which it is
ciecred are cssigned on the basic of three closses of cerosols, as shown in Table 1. Class D
materic! is cleared in < 1 doy to 10 day:, Class W in a matter of days or months, and Class
Y material over o period of months to years. The values of the deposition factors Dy...Dg
ond the corresponding clecronce rctes are given in the report of the task group.(3)

Teble 1. Clécronce Classification

—— —— —— e e et
Cless D, Class W, Closs VY,
Repic Intermedicte . Slow
|
< 1e¢s 10 de to
> 100 do
to 10 dc , 100 do

Using this mode!, it is ¢ strcichriorward matter to calculate the pCi-days of residence

in each of the three regions for ¢ giver intoke of c specified aerosol. Formulas follow for
dose to the three compartments of ¢

ne resoirctory system during the first t days following a
sinrgle intake of an cercsel:

For the ncsooherynx rezic-

; e .
Drems M 3 e > fb A (1)

For the tracheobronchic! recisn

(1) Dose from inhzale< marericl deposited in region

Ix 57 x¢ ] o et | oo hd!
X 21 Xz D f - e + - €
¥

it

rems M * Y c A fd (@)

(2) Dose from mote;io! cleared fror.n. P fegion tHrough the T-B region to the GI troct

Ix 51 x & x 1 pyoe
= X X X - e
rems M X DS ff >\f )‘f ¥ fg g

’ ,—)\gf
bl-e
Ao & (3)
)\g o
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For the pulmonary region

~ “Aet =Mt
x51xE . o [ 1o L l-e f
rems M S Ve )\e f >\f
~Aqt =Aht
1 -e M l~e h
+ f x +f — (4)
g 9 h ]
where
I = intake at time zero (pCi)
51 = dis/day x g-rad/Mev
E = effective energy/dis (Mev)
M = mass of region considered (9)
By, D,, D, = fraction of the inhaled -cerosol deposited, respectively,
~ in the N-P, T-B, and P regions ‘
t* = time of passage through the T-B region of material
cleared from the P region to the Gl tract (de)
fa, f, erc. = froctions cleared by Pcthwcys a, b,. etc.
Ag )\b,' etc. = effective elimination constants for pcthwcyé a, b, ete.

)\? end )\;

biological elimination constants for pathways f and g.

If the fraction 51&/M is deleted from these formulas, they then représenf the uCi-days of

I10b839b

residence in each compertment during the first t days following the intake of 1 pCi. As men-
tioned earlier, these formulas follow directly from the definition of the new lung model excep
for the two factors £ and M, the effective energy absorbed per disintegration and the mass of
the particular tissue under consideration, respectively. As will be seen, it is not an entirely
simple matter to decide on appropriote values for either of these parameters.

Figure 2 shows the accumulated dose to the pulmonary region from an instantaneous
intake of 1 uCi of o standard aerosol, i.e., one having an AMAD of 1 ; but in order to be
perfectly general, the effective energy has been taken as 1 Mev. Thus, this graph is uni-
versclly cpplicable for eny ceroscl considered in the report of the task group; one need only
select the longest effective half=time for elimination frem the P region, read coff the ordinate
for the desired time, and multicly by the oppropricte effective energy. In computing these

DOE /H{
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Figure 2.

doses, the mass of the pulmonary region is taken as 500 g, which must be considered to
include the cepillary, or trapped, blood that is present there. Of course, the doses could
be changed by proportion for any other mass cne might prefer to use.

The curves for cerosols of Class W or Class Y in Fig. 2 are lobelled with the effective
half-time, T, of the long=-term component of the retention function, i.e.,

0.693/T = Xg = x; + N =.o}693/T§-+ 0.693/T,

~ with T_ as the radioactive decay half-time and TP representing the long-term biological
elimination half-time as given in Table 4 or in the appendix of the report. In all cases Ts
2 10 doys. For example, the curve corresponding to T = 1 day represents quite a number
of different radionuclides; namely, all of those whose radioactive half-lives, together with

. the half-lives of the long-term pulmonary retention given in the report, are such that the
ffective hali-time is 1 day, i.e., /T = 1/T, + 1/Tp. The terms of the formula corre-
sponding to pothways of short elimination time probably would not be the same for all of
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these radionuclides, Lut the use of a single curve for all of them does not involve an inac-
curacy of more than 4%, and this inaccuracy is consudered as negligible in this context.
This error estimate is derived in the oppendix.

With very few exceptions, the elimination half-times for an aerosol of Class D do not
_exceed 30 minutes; see the values given in Table 4 of the report of the task group. Thus,
with these very few exceptions, the dose is substantially independent of T, except when
T, <'1day. The dose to the pulmonary region from an aerosol of Class D is given as an
mserf in Fig. 2, and it includes all cases except those where the report of the task group
indicates @ value of Ty, the biological half-time, which is substanticlly greater than 30
minutes. There are ¢ few such cases listed in the appendix of the report.

The estimation of dose to the tracheobronchial region involves more novelty. The
tracheobronchial tree consists of the trachea and branching bronchi down to the terminal
bronchioles. It is essentially a branching tubular network. The aerosol material is carried
by the mucus over the surface of these tubes as the material is cleared by ciliary action.

The mass of this region is taken as 400 g which is arrived at on the baesis of estimates of vol-
ume given by Weibel(4) and others and on values for the density. Because of the intricate
~ geometricel configuration, a significant portion of the energy released will be absorbed in
neighboring tissues. This is true even in the case of an alpha emitter. For example, esti-
mates of the surface crec of the T-B region vary from 10 to 20 m2. If one takes a layer of
tissue based on this surfoce which is 45-p thick, i.e., the range of an alpha particle having
: an energy of cbout 5 Mev, he obtains 450 to 900 g. This is far more mass than the T~B regior
should have according to most estimates and indicates that a significant portion of the energy
is abserbed in the surrounding tissue. The mass of 400 g is used here as an estimate of the
mass of tissue lying within range of the alpha particies originating in the T~B region. The
estimoted dose 1o the T-8B region from on aerosol deposited fhere is shown in Fig. 3 by the
dashed curves. '

In addition to this dcse, material cleared from the P region to the Gl tract must
traverse the T-B region, and hence this material contributes dose during its passage through
the region. The estimated dose to the T-B region from this source is shown in Fig. 3 by the
solid curves. The other assumptions are as before, i.e., o standard aerosol with the effec-
tive absorbed energy taken as 1 Mev. Estimates for the time of passage of the material
cleared from the P region through the T-B region differ rather widely. Estimates based on
observation of the movement of the material at certain sites led to estimates of a half-time
for clearance of about 15 minutes, but this estimate may favor the more rapid elimination
routes which are more readily observed. Other estimates based on gamma spectrometry in-
dicate clecrance times of 2 hours or more, but these estimates may be influenced somewhat
by the presence of the pulmonary deposits. Although the present dose estimate, using t*
= 1/24 da; involves this uncertainty, it is clear that material passing from the P region to the
Gl tract makes a very significant contribution to the totcl dose received by the T-8 region,

The N-P region consists essentially of the nasal passages and pharynx down to the leve!
of the ierynx. The cerosol merely deposits on these surfaces and is remove'J by the movement
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of the mucus. Thus a surface distribution of the material seems appropriate as o model for
estimation of dose. The N=P region has about 300 cm? of surface, and the proposed lung
mode! assigns a half-time of 4 minutes for removal of the deposited material. There is evi-
dence that the material accumulates to o grecter degree and resides longer at certain sites
than at others, but in this calculation the dose is averaged over the tissue. The dose has
been computed primerily for an alpha emitter, and so the dose has been averaged over a
layer which is 45-p thick. This is the range of an alpha particle having an energy of about
5 Mev. Figure 4 shows this dose for o standard aerosol with an effective energy of 1 Mev.
Because of the short clearance time for this region, the radioactive half-life makes little
difference in the dose, and essenticlly all of the dose is deliveréd within the first half-hour

following intake.

A cerfain fraction of the inhaled material is transported to the lymph nodes. For very
- wsoluble dusts, such as those of Class Y, the proposed lung model allows 10% of this material

> be eliminated from the lymph nodes with a rather long half-time of 100 to 1500 days,

80
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Figure 4.

depending on the solubility of the dust. The other 90% remains in the lymph nodes indefi-
nitely, -being subject only to radioactive decay. The dose to the lymph nodes has been com-
puted using 15 g as the weight of these respiratory lymph nodes, a value given by Pochin(3)
for the tracheobronchicl lymph glands. The total mass of lymphatic material in the lung is
probably iarger than this and the dose averaged over this mass somewhat smaller than that
cemputed here. As discussed by Pochin, (5) the problem of migrating lymphocytes complicates
the problem, and the focts cre not in hand which might serve as the basis for @ more accurate
dose estimate to indivicducl lymph nodes or lymphocytes.

Figure 5 shows a composite of all these calculations for o very insoluble material. The
curves apply to any radioactive aerosol of Class Y which has the indicated AMAD and effec-
tive half-times in the P region. The effective energy per disintegration has been taken as 1
Mev. It is clear thot the total dose to lymph nodes is greater than to any of the other three
regions of the lungs. Even if one averages the dose over the entire lymphatic system of the
body (which is not done here), the dose to the lymph predominates, but not by such a large
factor.,

In computing the dose curves given in Figs. 2-3, the AMAD has been taken as 1 H.
Since D3 and Dg occur as factors in the cose formula, it is possible to give a factor which
corrects these curves for cerosols of other AMAD. Since D5 = 30 and D5 = 25 for AMAD
= 1y, the required correction factors fer the N=P and P regions are D3/30 and D5/25,
respectively. The proposed lung model gives a constant deposition facter for the T-B region,
ard so factors for the pulmonary regicn and the N-P region cre the only ones shown. 1t is-
clear thet the doses very greatly with the AMAD—the dose to the P region decreasing and
" that tc the NP region increasing as AMAD increases.
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In the foregoing formulas and graphs, the effective energy haos been taken as 1 Mev.
Thus each value must be multiplied by the effective energy absorbed per disintegration of the
isotope in order to obtain the actual dose in rem. In the case of alpha particles, it seems
sufficiently accurate to take the effective energy as the total energy of the alpha particles,
for the thickness of the various tissues considered will be at least of the order of the range
of the particle. While individual bronchioles may have a diameter this small, these smaller
ones are quite closely spaced. This is indicated clearly by considerations of surface arec as
noted above.

It is clear that not much of the energy of phofons will be absorbed near the point of
igin of the photon, and hence it seems reasonable to average the dose from photons over

1068401 . |
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the entire fung. A Monte-Cario-type code has been written to obtain the absorbed fraction
of energy for photons of various energies which originate uniformly within the volume occu=
pied by the lungs. (6) This code has been used to estimate the fraction of energy absorbed in
lungs from @ gamma emitter uniformly distributed in lungs, and the results are given in Table
2. A similer study hos been made for a surface distribution of photons, and, os would be ex-
pected, the fraction of energy absorbed in a layer of 45-u thickness is generally quite small.

Table 2. Absorbed Fraction for a Uniform Distribution

of a Gamma Source in the Lungs of a Tissue Phantom

—_—
Energy of Gamma Absorbed Fraction, |

{(Mev) A.F.

0.01 0.97

0.05 - 0.27

0.1 0.17

0.5 ' 0.1¢6

] 0.15

2 . 0.13

Beta emitters clecriy are somewhere between these two extremes. For a beta such as
the tritium beta, one mcy use the model for local absorption; and for a beta of long range—
say, | em—the model averaging over the entire lung seems more appropriate. However, it
is clear that further stucies of the problem are indicated, but @ more detailed consideration
of the morphology of these regions of the lung than we have been able to find in the litera-
ture seems to be requirec.

Aeeendix

The lung model described in the reporf(3) provides that Ag = Ag = Ah ond that fq +
fg + f, = 0.6 for all gerosols of Classes W or Y. Thus it is possiple to simplify the notation

o Eq. (4) and write

_ Ix51xExDs [, 1=eN ] -7 »
D() = = (04 —F— 06 —F—} (5)

for cerosols of these two classes. In Ea. (5), 0.693/T = 7 = Ag = N\g = My ond N = ),
T teing the long-term effective eliminction haif-time of the pulmoncry regicn which is used
as index cn the curves of Fig. 2. Thus T = p + X\ = 0.693,/Tp + 0.493/T, with T, as the
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dioactive half-time of the radionuclide and Ty as the half-time for biological elimination

" viaroutes e, g, or h of the lung modei. Values of T are given as 90 days or 360 days in

Table 4 of the report, but values of Ty ranging from 10 days to 1500 doys cre recommended
for o variety of compounds in the appendix.

It is clear that the specification of 7, or T, does not determine the value of T, orof
A = M. Several radicactive aerosols might have the same T but different values of T,. In
that case Af will have different values also since the half-time for biological elimination via
pathwoy f is fixed at 1 doy. In preparing Fig. 2, the maximum value of Ty compatible with

the value of T ond with the lung model was used, i.e., in'the relation 1/T = 1/T, + 1/T},

Ty = 1500 doys was used to determine T.. This choice only affects the calculation through
the parameter A = 0.693 (1 + 1/T;) ond makes the dose estimates provided by Fig. 2 slightly
smaller than might be the case if other values of T, and Ty compatible with the chosen value
of T were used. It will be seen that the difference cannot exceed 4% in any case, and the
values as calculated indicate the difference is much fess than this in all the numerical cases
computed. '

Assume, then, that (3) is the formulo as computed for o specified value of T with T}
= 1500 days and that in an actual case the appropriate value is T{. In this case 1/T =
1/T' + 1/T} since we are suppasing this aerosol has a long-term effective elimination half-
time of T. Then the value of X in (5} for the actual isotope will be given by

A = 0.693 (1 +1/T!) < 0.683 (1 +1/T,) = A

and

A=A = 0,693 (1T, - /1) = 0.693 (1/TL - 1/Tp) < 0.693/10.

Let D'(t) be the dose corresponding to the use of the primed values in (5), i.e., the actual
aerosol. Then the fractional error in using the computed curve is given by

-\t -At
l-e _l-e :
D'(t) - D(t) _ A A
D'(t) -~ ~ : -\t . -t (6)
l-e 1 5lze
A ) T
Note that the numerdtor satisfies the relation
"l---e-)\ir _ 1-e->\t,.= er l-e-x-xe-xdx
A A ANt x2
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The above inequalities follow readily from the facts that 1 - e

function of x for x > 0 and that 1 - e™ - xe™ S (] - e™X
are easily established.

Consequently, we can substitute in (6) and obtain

~ (- e™ - w)
EQL%%Q < ] = e
D (t = . -e -e

The right member of (8) may be rearranged to obtain

wo)-ou)~-1-{“ (I-JN)Q-AW
D (+)

. Tt
+ LI y l-e

A T =A't
1 -e

It is not difficult to show that if x > y one has

‘.Z 1 -e”

X

< 1,

] -e™

Subsfifufing /A for (1 - edrf)/’(l - e-N 1’) and X' for (1 - e

further increases the rignt member, and cne obtains

D'(+) - D) (1 -e ™M -n) < 0.1(1-e™
o) = 2.5 N 2501 *1/1.)

since 0 < A=A" < 0.653710 and A' = 0,693 (1 + 1/T,+).
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Air Sampling Problems Associated with the
Proposed Lung Model

by

T. T. Mercer
University of Rochester
Rochester, New York

Abstract

Air sampling requirements introduced by the new lung deposition model pro-
posed by the Task Group on Lung Dynamics are considered in relation to available
sampling techniques. It is shown that present techniques for determining the
activity median aerodynamic diameters of hazardous dusts are sqmetimes not ap-
plicable in practice. The alternative technique offered by size selective samp-
lers is discussed and recommendations are made for relating "respirable dust"
concentrations to the new lung model. Certain limitations of the deposition
model are briefly discussed.

INTRODUCTION

I doubt that the protlem of air sampling was uppermost 'in the minds of any
of the members cf the Task Group on Lung Dynamics during the preparation of the
report on deposition and retention models. Once the deposition model had been
defined in terms of particulate aerodynamic diameters, it became apparent that
the problem facing the health physicist in the field would be that of determin-
ing the activity distribution of hazardous airborne particles as a function of
their aerodynamic diameters. Since techniques for making such determinatiomns
have been available for some time, and since, in any event, air monitoring was
not a responsibility of our Task Group, it did not appear necessary to consider
the sampling problem in detail. A more pressing matter was that of relating
deposition to the parameters of the various activity distributions that mignt
be encountered. It appeared at first that it might be necessary to provide

- curves of deposition as a function of activity median aerodynamic diameter
(AMAD) for a wide variety of geometric standard deviations. (J;). When the de-
position curves were applied to hypothetical aerosols having l0g-normal activity
distributions, however, it was found that the predicted deposition in each of
the three compartments could be related to the median diameter of the distri-
bution almost independently of the geometric standard deviation. Although dif-
ferences in the latter introduced some uncertainty into the deposition value at
at given AMAD, it appeared sufficiently small to warrant using an average curve
for the range of distribution parameters normally encountered in air sampling.
On the tasis of these rasults, the Task Group recormended that air sampling be

- done to determine activity median azerodynemic diameters. .
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Superficialiy, ther, the deposifion model does not present any new sampling
problems since, 2s I have already pointed out, techniques for making the neces-
sary mezsurements are well known. However, when the activity distributions and
concentrations that might be encountered in practice are compared with the capa-
bilities of the sampling techniques actually available, it becomes apparent that
there are real situations in which the Task Group's recommendation will be dif-
ficult to follow. Moreover, there are limitations on the lung model itself,
.arising from the fact the zerodynamic diameter is not invariably the particle
characteristic of greatest significance in deposition, which might possibly in-
troduce significant errors into the prediction of deposition for certain radio-
active dusts of industrial significance if this prediction is based on an esti-

"mate of the AMAD. 1In the following discussion, therefore, I am going to review
first how AMAD's are measured and what are the shortcomings of available instru-

- ments for deing so; then consider the alternative technique cffered by size
selective samplers; and finally take up the limitations of the lung model when
activity is associated with very small particles.

THE MEASUREMENT OF AMAD'S

There are a number of devices which separate particles on the basis of
their aerodynamic diameters ané which conceivably could be adapted to the deter-
mination of the AMAD's. Most of them, however, are more suited to laboratory
~ork than to routine air sampling. It is my own opinion that at the present

ime the only practical method for determining AMAD's -in the field is one which
employs Mzy's technique of cascade impaction (1)..

For the benefit of any who are not familiar with the cascade impactor it
might be well to point out that it is a sampling instrument consisting of a se-
ries of impaction stages followed by a filter paper. At each stage, air flows
through one or more jets to impinge normally on an adhesive-coated collecting
plate. Particles of sufficiaut inertia are thrown out of the air stream onto
the collecting surface. The jets at a given stage are constructed so that the
velocity of the air stream i§ greater than it was at the preceding stage and the
particles collected at successive stages become progressively smaller. After a
sample is collected, the activities on each plate and on the back-up filter are
analyzed and the data used to estimate the distribution parameters. With proper
calibration, ‘one of these parameters will be the AMAD.

In the past, many people felt that it was necessary to calibrate the in-
strument for whatever dust was to be sampled in order to relate the results to
some linear dimension as measured by means of a microscope. I think it is gen-

" erally recognized, now, however, that it is a real advantage to be able to cal-
ibrate the instrument using spherical particles of known density to obtain
curves of collection efficiency as a function of aerodynamic diameter for each
impaction stage. The diameter corresponding to a collection efficiency of 50%
is then taken as an effective cut-off aerodynamic diameter (ECAD). In all sub-
sequent interpretations of ‘impactor data it is assumed that all particles col-

. lected at a given stage, regardless of shape or density, have aerodynamic di-
i neters larger than the cut-off diameter for that stage. Couchman (2) has dem-
"~ onstrated the validity of the relationship between collection efficiency and

1068401 = ~ DOE/HQ



i0bBuOS

aerodynamic diameter for spheres for densities up to 19 gm/ecm®. The relation-
ship is given added support by Laskin's data (3) for irregularly shaped UO,
particles. It is reasonable to assume that particles will impact in accordance
with their aerodynamic diameters except, perhaps, in the event that their shape:
are quite extreme. ‘

In principle, then, the cascade impactor can be used to provide the measurt
ment of activity median aerodynamic diameter necessary in establishing the pre-
dicted deposition in the respiratory tract. What can be achieved in practice,
however, will depend on the operating characteristics of the particular instru-
ment chosen. The characteristics of a cascade impactor that are important in
the determinaticn of AMAD are the sampling flow rate, the effective cut-off aertc
dynamic diameters of the various stages, the wall losses, i.e., the relative
amount of the material entering the impactor which is deposited on surfaces
other than those of the collecting plate or the back-up filter, and the area
covered by the deposited material at each stage. The first three of these char-
acteristics are summarized in Table I for some typical impactors. I have choser
as examples three instruments which are commercially available but which are
quite different in design. The Casella (May) impactor (4) has four impaction
stages of rectangular jets; the Batelle impactor (5) has six stages of single
round jets; the Andersen impactor (6) has six stages, each containing 400
round jets.

Table 1. Calibration Data for Typical Impactors

Casella (1) Batelle (5) Andersen (8)
ECAD Stage 1 12.0 um 16,0 um 7.5 um
ECAD Stage 2 3.9 7.9 5.1
ECAD Stage 3 1.5 3.9 3.5
ECAD Stage - 0.5 1.9 2.0
ECAD Stage 5 - 0.9 1.0
ECAD Stage ¢ - 0.4 5 0.6
Flow Rate . 17.5 L/M 12.5 L/M 28.3 L/
Wail Leosses 6-02% (2) 6% (S5) 30-45% (2)

The cut-off diameters in Table I correspond to the indicated flow rate. A
calibration for one particular flow rate can be extended to other flow rates
simply, by multiplying the observed effective cut-off diameters by the factor
(Fo/F)<, where F, is the flow rate at which calibration was made and F is the
flow rate for which cut-off diameters are needed. Extending the calibration in
this way should give valid results as long as the Reynolds number of flow in any
jet does not fall below about 100 (7). Moreover, there is no need to make one's
own calibration of any of the impactors included in Table I; it is sufficxent
merely to verify that jet dimensions are as specified.

Wall losses reduce the reliability cf impactor data in that there is no way
of kncwing if the activity actually analyzed had the same size distribution as
that entering the impacror. Wall losses in the Casella and Andersen impactors
may not ‘be as discouraging as Table I indicates. Couchman (2), whose data are
quoted in that table, found that mcst of the wall losses in the Andersen impacto
were due to impacticn of particles on the tep of the first jet stage. The inlet
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one of this impactor functions somewhat like 2 single round jet of poor collect-
"ion cheracteristics. Mav (8), whose data indicated an effective cut-off aero-
dynamic diameter for this process of roughly 15 um, redesigned the inlet and
first two stages of the Andersen to offset the inlet wall losses. With this
modification, wall losses should be less than ten percent. The wide range of
wall loss data for the Casella is, I believe, the result of size distribution
effects combined with overloading of some stages. When radiocactive aerosols in
low mass concentrations were used, the wall loss figure of six percent was ob-
served. ‘ :

What I have szid sc far may have given the impression that determining
AMAD's does not pose any real problem. However, a consideration of the flow
rates at which these impactors normally operate will raise some serious doubts
on this point. To detect MPC levels of some airborne contaminants, for in-
stance, it may be necessary to sample many cubic meters of air to collect enough
activity to yield statistically valid data. Not only may this require very long
sampling periods, but the inevitable nuisance dust may overload some collector
plates, leading to rebound of impacting particles and re-entrainment of deposit-
ed particles. Both of these effects should be scrupulously avoided, since they
not only contribute to wall losses, but affect the collection efficiencies on
which calibration is based. ’ :

In Table II, the quantity which I have labelled '"loading capacity" has been
introduced in an effort to put some numbers on the limits imposed by the re-
‘uirement that rebound and re-entrainment be avoided. For stages other than the
irst, the loading capacity is merely the product of the total.cross-sectional
area of the jet orifices at a given stage and the average between its effective
cut-off diameter and that of the previous stage. For the first stage, it was
necessary to use its own effective cut-off diameter, so its loading capacity is
relatively lower than those of other stages. Thus the loading capacity is ap-
proximately equal to the mass of material of unit density contained in a deposit
when it covers the jet area with a laver one particle deep. As such, it is a
rough estimate of the mass, active or otherwise, that can be collected before
rebound and re-entrainment become a problem. The tabulated values, incidently,
should be multiplied by the square root of the density of the material being col-
lected.

While it would not be wise to give too much credence to the absolute values
of these numbers, their values relative to one another should allow some reliable
comparisans, Some interesting points are brought up by Table II, I think.
First, under most circumstances a reliable sample will include only a few milli-
grams of material; second, when the AMAD is less than about .five microns, the

Table I1I. loasding Capacities* for Typical Impactors

Stage Casella Batelle Andersen
1 1.6 mg 2.3 mg 3.3 =g
2 0.24 0.70 1.7
3 0.05 - 0,14 0.69
L 0.006 0.03 0.25
5 - 0.005 0.05
€ - 0.001 0.016

*For unit densityv materiel.
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size of a reliable sample will be governed by loading at the narrower jet stage
and will be correspondingly restricted; and third, the multi-jet instrument has

a marked advantage over the single jet instrument in the matter of tolerable de-
posit on each stage. For a given flow rate and cut-off diameter, the loading
capacity increases with the cube root of the number of holes in the stage. Thus,
a given stage of the Andersen impactor can safely collect perhaps seven times as
much material as a stage of a single jet impactor having the same tollection cha:
acteristics.

The factors of low flow rate and small loading capacity conspire to put
severe limitations on applying instruments such as these to the air sampling
problem. It is only fair tc point out, of course, that the instruments I have
discussed were not designed with this particular problem in mind. That the nec-
essary instrumentation could be designed is indicated, I think, by the develop~
ment of high flow rate samplers, such as those described by Lidwell (9) and by
McFarland and Zeller (7), and the "centripeter", a sampler of essentially limit-
less loading capacity, described by Hounam and Sherwood (10). For the present,
however, it seems to me that the Task Group's recommendation to determine AMAD's
can be followed only when the activity concentration is sufficiently high that a
statistically useful amount of activity can be collected while accumulating a few
milligrams of total particulate material. When this is not the case other meth-
ods will have to be adopted.

SIZE SELECTIVE SAMPLERS

One of the mest significant advances in air monitoring in recent years has
been the development of size selective samplers. These are usually two-stage in-
struments in which the first stage removes particles that would be unlikely to
penetrate to the pulmonary regions of the lung if inhaled. The second stage col-
lects all particles passing the first, thus providing a sample that permits cal-
culation of the air concentration of what has often been termed "respirable dust"
A variety of collection mechanisms, including sedimentation (11), centrifugation
(12,13), impaction (14), and filtration (15), have been applied in designing the
first stages of such samplers. I am going to discuss the collection characteris-
tics of three samplers, each representative of a different collection mechanism,
in relation to the lung deposition model. The three I have chosen are the Brit-
ish horizontal elutriator (:1), the HASL cyclone (12), and the May-Druett pre-
impinger (14). :

Since two-stage samplers do not provide an estimate of AMAD's, it is appar-
ent that some other method will have to be used to relate the data they provide
to the deposition model. When a size selective sampler is used to monitor an
atmosphere containing a. contaminant having an activity median aerodynmamic di-
ameter, AMAD, and a geometric standard deviation, c¢_, we would like the second
stage to collect a fraction, C(AMAD, ¢_), of the tctal airborme activity, such
that ‘ g

P(AMAD,c_) = K'C (AMAD, cg) ¢))
o g .

where P is the fracrion of the same contaminant which would be deposited in the
pulmonary region and K is a constant for all values of AMAD and Og- This can be
rigorously true, I think, only if

P(AD)/C(AD) = K (2)
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e., the ratic of the probability that 2 given particle could deposit in the
.eulmonary regions to the probability that it would penetraste to the second
stage of the sampler is a constant for 21l aerodynamic diameters.

That this relationship does not hold for any of the three instruments under
consideration is apparent from Figure I, in which the ration, P(AD)/C(AD), calc-
ulated for the pulmonary deposition at a tidal volume of 1450 em®, has been
Plotted for each sampler, On the other hand, the manner in which the value of
the ratio fluctuates with aerodynamic diameter suggests that when size distri-
butions are considered, the average ratios may show less variation. To test.
this, predicted deposition was calculated as a function of the fraction of air-
borne activity penetrating the first stage. Log-normal activity distributions
were assumed and the calculations were made for six values of Cg between 1.5 and
4.0. For penetration values below about 0.15, the range of © values that were
ircluded in the calculations diminished progressively. All tgree tidal volumes -
750 cm®, and 1450 cm®, and 2150 cm®, - were included. The results are shown in
~Figures 2 - 4. Average values are shown for a tidal volume of 1450 c¢m®, togeth-
er with the extreme values fcr all three breathing patterns.

1

PIAD) / CLAD)

31
.2 j { ] ..:.
BRITISH STANDARD o
] 4 ‘ ‘ ELUTRIATOR ]
o \ ; ; L B T —

AERODYNAMIC DIAMETER IN MICRONS

" Figure 1. Ratio of predicted pulmonary deposition to first stage penetration
as a function of aerodynamic diameter

Since the Task Group recommended the use of the average deposition curves
at 1450 cm®, when sampling for AMAD's, it seems reasonable to make a similar re-

" ommendation with respect to the use of size selective samplers, as far as pul-

aonary deposition is concerned.: At that tidal volume, the extreme values of de-
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position at a given penetration value do not differ from the average by more than
ten percent when the latter lies between 0.1 and 0.9. For activity distribut-
ions penetrating the first stage to the extent of 30 percent or more, deposition

estimates based on AMAD's show an éven smaller range of values and extend to dis-
tributions which have penetrations close to one hundred percent. However, the
‘size selective sampler requires fewer analyses and is probably more convenient

to use. :

Size selective samplers possess an interesting, although probably not very
significant, advantage due to the fact that for penetration values between about
0.1 and 0.9 their deposition-penetration curves can be represented as

P(AMAD, 0g) = a + b:C(AMAD, og) 3)

If an activity distribution is not itself log-normal but can be expressed as the
summation of several log-normal distributions, each of which contributes a fract-
ion, Fy, to the total amount penetrating the first stage, and if the penetration,
Ci, of each individual distribution lies in the range for which equation 3 is
valid, then the total predicted pulmonary deposition is

P(total) =T P;'Fi = (a + b C;)Fi

ag Fi +b'T FyCi

a + b.C (total)

and equation 3 is valid for any activity distribution satisfying the conditicns

described above.

I have not discussed the operational characteristics of any of these samp-
lers, because I have preferred to look at them as examples of different collect-
ing mechanisms. They can be designed to operate at different flow rates (load-
ing capacity should never be a problem) while maintaining approximately the same
collection efficiency curves. Figures 2 - 4 show that essentially the same re-
sults are obtained with samplers having somewhat different efficiency curves.

In this connection, calculation of deposition-penetration curves for a few other
selective samplers show similar results.

SOME LIMITATIONS ON THE LUNG DEPOSITION MODEL

I pointed out earliar that the deposition model was defined in terms of

-aerodynamic diameters. The reason for this, of course, lies in the fact that
the processes of sedimentation and impaction, which are responsitle for most of.
the deposition of particulate mass in the respiratory tract, are both funct-
ions of aerodynamic diameter. The only other processes accorded any signifi-
cant role in deposition are interception and diffusion due to Brownian motion,
the first of which is independent of density, while the second is not only in-
dependent of density, but varies inversely with particle size. Since the de-
position model was actually calculated for unit density spheres it was appar-
ent that labelling the abscissa "aerodynamic diameter' could lead to erroneous
a2pplications when large particles of extreme shape or very low density or very
small particles of large density are encountered. I think the former problem
can be safeoly ignored, but there are practical situations that may make the
‘lacter prcblem significant.
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Figure 2.

Figure 3.
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Figure 4. Predicted pulmonary deposition as a function of first stage pene-
tration for the Pre-impinger

A sﬁherical particle of density, Sp» and aerodynamic diameter, Dp, has a
geometric diameter, Dp’ given by .
c 3
DP (‘:g.pp) Pu.

where C_ and C_ are slip factors. A particle having an aerodynamic diameter of
0.3 um and & dénsity of 11 gm/cm®, for instance, has a geometric diameter of a-
bout 0.05 um and its proper predicted pulmonary deposition is at least twice the
*value assigned to it on the basis of the deposition curves. As gecmetric di-
ameters approach molecular dimension an additional ccmplication arises in that
nasal deposition may again become significant.

I am not sure to what extent these limitations may prove important in
practice. Certainly they raise questions concerning air sampling in certain
mine environments where the decay products of radon are a prime hazard. Data
on activity distributions in mine atmospheres (16,17) indicate that dust-borne
radon decay products are predominantly on particles having aerodynamic diameters
probably below 0.5 um. When the methods described above are used to sample dis-
tributions of this sort, the data on AMAD or first stage penetration of a size
selective sampler will be in the region of lowest reliability. Moreover, their
interpretation will be complicated by the possible presence of unattached decay
preducts.
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SUMMARY AND CONCLUSIONS

The Task Group on Lung Dyvnamics has recommended that air monitoring be
directed toward determining the activity median aerodynamic diameter of air-
borne hazards. The capabilities of available sampling techniques, however,
‘are such that the recommendation can be followed only when the activity con-
centration is sufficiently high that an adequate amount of activity can be
collected while accumulating only a few milligrams of total particulate ma-
terial. ' ’

For pulmonary deposition, size selective samplers provide a convenient al-
ternative to determining AMAD's. The efficiency curves of the first stage of
the British elutraitor, the HASL cyclone, and the May-Druett pre-impinger,
each of which employs a different collection method, are such that a simple rel-
ationship exists between the predicted pulmonary deposition at a tidal volume
of 1450 cm® and the fraction of air-borne activity penetrating the first stage,
regardless of the parameters of the activity distribution. For penetration
values between about 0.1 and 0.9, the relationship is essentially linear.

" Because the deposition model has been defined in terms of aerodynamic di-
ameters, its application in circumstances in which activity is associated
pPrimarily with very smzll particles of dense material may lead to erroneous
conclusion.
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DEPCSITICH AND CLEARANCIEI CF RADIQACTIVE PARTICULATES
11 TRD TRAACHIOERONCHIAL IREE OF RATS+

Albert A, Spritzer, M. D.
Joseph A. iWetson, Ph.D.
Judith A. Auic, B.S.

| NTRODUCT | ON

The tracheobronchicl ireec serves two major roles in minimizing the

rerention of inhalec particles. The tree acts as a filtering network
which protects the deep lung, anc it serves as the final pathway in the

removal of perticulates which are cairried to it from the lower respi=~

- 1,2 ) ,
ratory tract'’ ). Such particulates foilcwing transport to the

‘

nucociliary epithelium are carried by this mechanism to the tracheal
orivice and the orcpharynx, from which point they are usually swallowec
r may be expectoratec.
The rates of removel of oar:.cles from the'fracheobronchiél system
are inadequately characterizec, virect measurements of the velocities

of movement of particles decosited on the tirecheal surface have been

shown to irange up to 30 mm per minute. in acdition, two bronchial

! -~
(3)

velocities have been reportec put o ¢aus &ce available on the rates
of clearance from the finer bronchicles.
Studies in this labcratory have resuited in the deveiopment of an
esophageal coliection technigue ¥or dire c;.y measuring tracheob.onchnal
- : oo &) . : . R
clearance in rats . The techaicue involves the placing of a tight fit-

ting tube into the esophagus of the rat and carrying the tube down through

“Supported by Grant hu.ber 02 00ZCE from the United States Public
reaith Service.

Presented &t the Twelfth Annua! 3icassay anc Analytical Chemistry
“eeting, Cctober 13, 1966 Gatlinburg, Tennessee.
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the stomach and abcominal wall into a collecticn bottle. The tube contents
are flushed into the collection bottle by fhe normal drinking of the animal
or the syste. can be flushed with saline solution at any designated time
Sy introducing a blunted needle into tﬁe tube via the mouth. The esopha=- -
geal collection techni@ue permits the collection of all material cleared

from the pulmonary system of the rat through the tracheal orifice at time

intervals ranging from minutes to days. Subsequent studies, in which

comparisons of clezrence measurements obtained by fecal analysis and eso-

nhagea! collections were mace, have shown no detectable alteration of

p (5)

mucociliary clearance dvnainics over a five day period ~’, The esopha-
geal collection method results in the direct measurement of clearance

rates, i.e., the zosolute cmount of material removed from the pulmonary

system throuch the tracheal orifice over the ceriod of the designated

collection interval, It should be noted thet clearance and clearance

rates are functions of both 2 specitic deposition pattern of -particles

along the tracheobrcnchial tree and the velocities with which particles

[}

are swept to the :irachea!l orifice (escalator velocity). This is best

demonstrated by two ex:ireme but simple analogies.

Consider an anztomical compariment of the tracheobronchial tree

where deposited matericl is swept tcward the tracheal orivice by the
mucoci}iary esczlator at a cornstant velocity. This is represented by
the conveyor belt shown in Figure !a. Pzrzicles are assumed to be

ceposited on the conveyor oelt (cilicted epithelium) in a specific,

non-uniform pattern as shown., 17 all the material leaving the conve-

yor {(pulmcrnerv) system is coliccted In the collection bottle {(cieerance)

‘.

2nd the Sotile is chznced every 20 minutes, then the contents of each

10b |
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! t
20 MINUTE
INTERVAL

CLEARANCE RATE

TIME

CLEARANCE RATE

- S G S - — v = ]

Analogy representing the Tracneobronchial clearance of particles assuming:’

(top) (A) A constant escalztor velocity and a non-uniform deposition
of parvicles, anc

{(bottom) (B) A uniform deposi%ion of pér#icles and verying escalator
velocities. .

bottle represents 2 clearance rate, i.e., the amount of material removed

'y

from the system per unlt time. A plot of the amount of material in.each

.ottie (clezrance rztes) gives & mirror image of the original deposition
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pattern of material in the system. Under these conditions, the variation
in clearance rztes is determined primerily by the deposition pattern of the
paerticles in the trachecbronchial tree,

At the other éxtrema, dééosition on the conveyor belt (ciliated epithe=

lium) is assumed to be unifor. but the velocity of the conveyor belt

(mucociliary escelator) varies (Figure 1b). This is analogous to the

-——

situation where the escalator velocity may vary depending on location in

the lungs (primary or tertiary bronchioles) or as a result of the effect

of stress on the system. |7 the clearance rates are plotted, any varia-
tion in cleerance rates would reflect the varying velocities of the

‘mucociliary esczlator mechanism(s).

From the above, lt'is obviogs that the intcrpretation of clearance
and clearance ratec cdeta requires a knowledge of the specific deposition
pat:ierns associated with & technicue of producing a pulmonary burden of
particulates, as well &s a knowledge of the biologic escalator velocities
a]cns the tracheobronchicai tree. The present expériments were undertaken
to determine the kiretics of reroval of insoluble particles from the lungs
of rats curing the time perioc ranging from immediately after deposition
to 5 days after exposure using the esophageal! collection technique, ‘The

particles were administered to the animeis Dy intratracheai injection.

Two moditvications in the positionin: of the rats during and immediately

following injection were utilized in an effort to alter the deposition

iong the tracheobronchial tree,

m

icies

[

pattern of the par

sz A A m—
MATER!ALS AND METHIDS

cn Procecdure. Aduit male rats of the Wister

1068420 o DOE /HA
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rzin, weighing between 3358 anc 500 gm, were prepared surgicelly for
' (%)
-

escphages] collection as describec greviously ., The surgical procedure

was performed under sodium pentobarbital (Nembutal) anesthesia on animals

faé:ed for 48 hours. The ankma]s were not réstrained durinc the experiment
and were given injections of 10 cc of giucose plus saline twice daily to
avoid dehydration,

Experiments were initiated 24 hours after surgery. Collection inter-
vals of less than 2k hours were achieved by introducing a blunfed, 18 gauge
needle into the esophagus via the mouth and flushing the tube system with
2¢cc of sel}né solution. For collection intervals of 24 hours, the spon-'
taneous drinkihg of the animals served to flush the collection tubes. The
collection bottles were changed at designated intervals ‘for measurements of

heir particulate content.

(2) Particles. The particles usad for clearance measureﬁents consisted
of a saline 5qspension of microgranular ceramic particles labeled with
cesiumlsA (specific activity, lmc/gm). A detailed description of this
materiél has appeared. (5). The particle size distribution of the suspension
as determined by measuring the maximum horizontal diameters with a Filar
micrometer had a log=-normal distribution with a geometric mean and geome=
iric standard deviation of 1.9 microns and 1.5 microns, respectively.

Prior to removing a samp]e'from the stock suspension for use, the suspension
was routinely subjected to a 5 mEnufe ultrasdnic treatment to disperse the
parti;les.

(3) Exposure Technique. Two methods of intratracheal injection were

utilized in an effort to alter the deposition of the particles in the lungs,

ne first method, subseguently referred to as the Vertical Injection Tech~-

'DOE/HQ



ec the injection of 0.2 cc of the particle suspension through

nicue, invoived
» a2 biunted, 18 gauge necdle jusi stove the leve! of the corina with the

rachea in & ver:tical position. The rat was subsequently held in this

vertical position for 5 minutes. \ith the second method, referred to below

i

ection Technicue, the particulate suspension was

injected as zbove with the traches in a semihorizontal position. Immediately

as the Semihorizenatal In

was pieced in a prone position and was unres=

cr
Py

fociiowing injection, the ra

7 infe~cions were given wihile the rats were anaes-

t

-t LN b - -
rained. The intratrachez

Ti animals were awake and active within 2 minutcs

the Tcha. The particulate content of the material
present in :hc collcc:iion botiles end in the lungs, the ‘esophagus, and the
ing the 605 Kev gamma photon
¢ channel gamma ray spectrometer. The celivered

dose to cach cnimal was obtained by summing the above measurements

I Opay] PR I hmerm ehomogm sbhas oboy arcicl U H l1ubl in th
\PICVIOUS STUCISS neve SACWDL (hdl ta8se DErTIC es are inso.ud e In the
sucs other than those analyzed

during & 10 cay period efter exposuse'’’/, These results were confirmed

in the experiments reported beicw. ) For groups of animals, the mean

]

¢ n&s bcen reported.

©

anc stancard errcor of The statist

The clearance rate curves heve been cescrided in terms of Clearance

Rzte Intervezls, i.e., the time intervals during which clearance rate

variations can be characterized by a simple mathematical relationship.

(1) . Mucocilierv clezrence rates detfermined at ten minute intervals.

A areliminary exzeriment using six surgicezily prepered anirmcls was pertormed
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determine the optimal sampling interve)l for esophageal collection, The
verticel irjectior technigue was used to expose the rats and esophageal

nute intervals over a five hour period.

collections ware mace at ten m
Teble | summarizes the results which are plotted in Figure 2, Figure 2
also shows the basic experimental cata from Table 1 aggregated to simulate

coliection intervals of twenty minutes and one hour. Total clearance over

THLLE L

CLIATANSS RATTS TOR T=i MINUTE COLLECTION WITLRVALS Ol RATS

EYPO5ID IY TS VINTICAL ISJICTION XoTCO@

Tie Past Umsasure, linutes
10 20 30 40 59 63 79 80 20 10 110 120 130 140 15D

Rat Hunber

1 82 1.03 L1 .22 120 .02 .12 L1 L Jd1 0 W25 W02 20 18 LGS
2 L0250 .20 1.07 .60 1435 1.05 1,66 .53 1,04 W34 W13 W13 50 07
3 8.10 1.211.03 .88 .15 .23 .23 W43 .25 07 17 W02 W02 .10 L3O
4 A3 JU8 2,26 .64 4,03 1.30 W27 W17 W22 L1 W13 W25 W00 W13 L0
s 2,75 7.11 4,75 1,30 .03 .33 W4D W35 .02 «33 W34 L8 W19 W23 W05
& &30 75 W50 2,30 2.35 .02 2 .69 W22 31 3 W22 W07 .02 .17
¥eon Clearanze )
Lzte 2.00 1.90.1.55 1.C3 1.24 .69 .37 .63 .24 33 200 W4 2 W20 L12
Yoss Cuulotive .
learanze 2,07 3,97 8,54 G.560 7.05 £.55 8£.92 9.55 9,80 10,12 10.33 10.52 10.63 10.84 10,85

Tim~e Voot ThnLouure, liloutes

Pat {iumder

163 170 122 150 230 210 220 220 260 250 250 270 280 280 aQQ

1 03 W0 W02 W23 W03 L5 A3 L0924 15 L1400 .03 W13 07 LM

2 237 .30 L0207 W17 W1T 0 W19 L1900 W26 W08 W19 W14 W07 07 W03

3 «C3 .19 .03 «C3 «C3 .01 «CS .03 <02 + - + “ + +

3 BF W25 A7 W00 L2300 L1200 L3 W17 W05 L2 .25 W12 W10 W12 .02

5 L£5 11 .07 W05 L1000 W19 L1200 .03 .04 W05 L18 W45 W15 W25 .09

6 W00 20 .03 W19 W46 W12 W4 07 .03 .20 L0535 W15 W09 W14 31

22 Clesvance

Rate LJA1 0 .19 L05 .21 W12 .17 L1200 W11 W11 12 Li6 .18 0 L1113 .12
haan Cumxslative .

ate 11.05 11.250.33 11,56 11.65 11,03 11,65 12,07 12.18 12,20 12,46 12.64 1275 12.{5 13.01

*clesuanse TAted ere cxpIfesdd ac tha poreeat of tho initdal lummg Lwdam.
+ol==l Ll -

the 5 hour period equalled 13.% = 1.9% of the delivered dose. ‘From zero
time to 150 minutes following exposure the variation in clearance rates
can be app;oxfméted by a single decreasing exponential function with a
_one=hz1f time (7, ).of 30 minutes. During this interval 11.0% of the

1/2

nitia) ourcden was clearec. We designate this period of time as the first
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FIGURE 2.

Muccciiiary ciezrance rates determined a2t Ten minuTe intervals with
Tre deTa aggregeTes To simulate TtwenTy-minuTe and hourly collection
inTervais (see 7o ).
clearance rate interve) Subsecuently no definite trend can be seen.

These ca.é show thet tweniy minute sampling intervals are satisfactory
10 cdelineste the first clearence rate interval. Subsequently, hourly

coliection interve s wou.d oe ‘adeguste

{(2) Mucocilicry clearanmce rates of serticles acdninisterec bv. the

vertice! in‘actior techrizie. Twen:ty four surgicaily prepared rats were

injectec intratrachea:iy us.nc the verticec. methoc. The esophsagesl

collection system of eecn animal was flushed et 20 minute intervais 7or
& six hour period. Tedle 2 summerizes the cata which are pilotied in-

1cu’e .
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TADLE 2

b

CLOADARST RATZS FOR TUTWY MIRUTT COLLICTION DNTINVALS O RATS

EXPOSID BY TilZ VIDITICAL LLICSTION MITUOD

L BT - Tee - -, L
Tim ot Limxkoime, llolues

Rat huler

30 40 €D B 1503 120 140 140 180 280 22D 240 20D 289 300 32) 34D 3Ly %otsl
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3 10 40D 0D 1.8l SO7 W22 T2 W53 WLd W30 W00 2D W04 W03 L03 JC4 LG4 W0 06424
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$ 2.57 1,73 .23 W10 W00 LU0 WU W12 W11 L0530 L00 L03 W03 W03 W02 M0 Wzo W32 S84
9 2.0 Lo02 45U W22 .73 .22 G35 423 WXL L2150 A1 WD W23 .22 W17 W13 WL BW5S
19 1.0 000 GBS0 G100 GIN DD WnT W17 W11 W10 W€D W22 .12 W10 WD) WML Y utr dul)
11 oh5 W0T W27 WIT WE2 0 L100 G110 G20 A1 12 L1Y WGT W03 GBIl LIl W67 Wil ey st
12 o200 070 W20 0 Wi W07 WLr T sud e Gbd Wb3 0 J1D0 W4 W03 W83 WCY W03 WSS 5.2
13 ) W20 R /% BS-S SPS 5 SN S v E) SO DA A o T v S B BT - S ST AT o S o S X A % 34
14 PR T SRS AT SOOI AR v B BN S AP U Y o SN 25 ST e TIPS § SRS 1+ B 5 SRR /S G- 1% 4
15 PO S SRS £ ISV ST T & St B h SR A NN 73 B o J 1SR AN ¢ Y7 S o T S A v
‘18 T3 WT5 WIT LML 1D LZU Wlu W15 W WL0 W30 W21 W32 W53 W05 W24 W03 W1 2405
17 PEO- T TS L VR SRS S RS BV SRS« BN & S+ B o TS /5 JPS. X1 TRRPS 1SN0 £ RS & NP S
13 @35 LIl W0 17 WKU G35 W10 W15 W05 W10 L1200 W12 W11 W13 W13 G120 W32 W23 3.5)
19 1,30 2,85 W87 WTD0 W53 W39 W25 .35 ..13 W13 .21 W13 .21 W17 W17 W27 L0 W15 9,05
20 LeC3 450 W77 1455 79 1,02 1.12 1,17 1.20 1221 W%D .97 W3D W77 L.l W00 .73 W76 23,76
21 L 1067 W43 LS LWIS JIT W15 W25 W42 W15 W30 W10 W20 .21 W16 L19 .24 L1000 5.1
22 WC5 W50 W33 4D W23 L3D 0 LY LD L5 W35 W39 W24 W23 W12 W23 .18 .13 2 LLTG
23 2,05 .43 .23 .23 .58 .z WL WTT W32 W32 020 L1000 W22 .29 .20 LAY W16, W17 0,97
24 A2 L15 G310 W25 W12 ) W11 L4 L17 W14 W20 W17 W15 W15 W16 L1613 3,25
lsn .
Clecvance 2,21 110 85 W40 L4234 .21 .29 W21 W26 W23 .22 L21 W23 .22 W1 W18 .16
Cu=slotive
Clearonce 2,21 3.22 4017 £.5) 4097 5.32 5,01 £.60 6.17 6.43 6.65 6,837 7.03 7.31 7.53 7.7} 7.L0 L.03

fClearance rates ara oxprasscl 6o tho poresst of the inftisl lumg burggn.

-
1

ctal cieerance cver g.

» hours ecuellec €.1% of the delivered dose.

A single cecreasing expone~7 .&. T.nction approximetes the variations in

ciecrance rates

from

zer

o 1.

m

nslf time (TI/Z) of &7 minutes wass found

interval,

From L0 minutes =c

1o 120 minutes following exposure

A one-

for the first clearance rate

exponentiai trend in cliezrznce retes with a

This second clearance rete |
experiment since

{3) Ccompar:

N/

é hours following exposure, a decreasing

5 of 3.9 hours is apparent.

the trenc mey persist beyond o hours.

nterve) is not completely defined in this

sor of rugociliary clearance rates using the vertical and

semihgrizonte! infection techrioues.

3
(b}

Twenty=-seven rats were injected

the semihorizontal injection technique. Tsble 3
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Muccciliary ciearance raves ‘oilcwing *the vertical injection of

carticies (see Tecie 2). .
shc.s the ewgerimental cote 2t hourliy collection intervals. The clearance
rétes &re ciotred in Flgure &, Tre houriy clearance retes obtainec from

the verticelly injected enimals in the previous experiment (Table 2) are

~N

ontaliv injected rats over o hours

Toti) cleerance in zhe semihori

eaualied 32.77 + 3.L/ of the delivered dose, as compared to the 8,17 +

aarec in S,hours in the verticaily injected

eninls The CiTverence in total cleerence is sicniticent 2y the Student
Totest (P<N. i, Tae individeed heurly cicarence rates also ciifer

l0bBY2y w  DOE/HA



L ..

riticantiv (P{Cti). !rn tcth instances hourly cleara..ce rates varia-
tions c¢an De approximatec oy single exponential functions from approximately
Z hours fcllowing exposure to the terminstion of the experiments. Iin the
animais injected semihoriio:tai!y, the T;7p of this clearance rate interval
wes founc to be 2.8 hours, as compered with 3.9 hours found in the vertical-
ly injectec rats. |
tmﬁs:

CLTARANCT RATSS PCR EOUBLY COLLTCTION INTIBVALS OF

DATS TXPOSTD DY TiT SEMI-BIRIZONTL IRJECTION MTTEDD®

kot Time 53t Dy=muevuse, oaura
Lus=ber 1 2 3 & 5 [ 7 [ aotcl
1 1.35 1.63 o2 .39 25 «33 .08 «07 4.21
2 27.13 g3 4.11 7.37 3.35 1.59 P )] 2.77 47.50
3 “26.51 .55 7.9 2.37 1.38 A 40 - 233 42.22
& 14,45 4,72 « 02 .56 .71 65 1.04 1.01 24,58
5 36.89 3.2 L,i 2.71 W3.34 1.05 1.01 .59 $3.07
[ 9.93 2.75 2.55 1.C 3.37 «53 .91 «20 21.73
7 13,32 &5 &2 &5 o34 «138 1.70 1.07 15.42
8 4,00 15 .00 .10 45 1.77 1.13 1.67 10.21
14 5¢.,77 1.8¢ .67 .43 93 .57 L5 0 W32 [ o
10 16.43 2,71 L 1,24 «35 .24 N .19 o146 22.14
11 15.1% 2.2% 2.15 .55 22 57 .52 &2 25,35
2 18.45 403 1.07 1.0 Ly 1.27 Y] »Z5 25.15
13 21.27 S5.02 1.79 2.2 .95 W47 23 «33 32.80
14 30 .S 2,28 .39 1.03 1.1 o 71 15..9
15 25323 7.2% 1.22 TW33 -0 .05 o3 21 30.4
5 15.21 2.97 .78 oC8 1.55 11 16 4 27.77
%7 2.0 .20 1.55 52 - L5 o246 «65 .04 72.87 *
15 1l.04 5..% 2.35 «96 . 50 L2 33 29 16.57
2 1.75 $.77 2.74 2,88 «Oh «G6S 50 55 19.79
2) 39.89 3,32 1.10 1.20 .03 1.76 o&hs +18 48.03
21 10.77 5.52 6,29 2.47 1.1 - 2.61 1,55 1.03 32,02
2 83.19 3.%4 2,47 2.29 54 52 b «21 64.13
23 5.43 2.03 6% 50 2.C1 «08 1.43 «35 14.07 .
24 42,35 13.13 5.20 1.19 26 23 17 03 €3.42
25 17.57 2,37 1.15 1.20 2.75 2.17 o5& -3 23.7¢
‘2 g.03 Ge3 el 53 15 22 07 19 20.17
27 25,65 5.11 2.2! 53 <0V «&7 «J6 52 39.32
lia2n
Clcaracce 22,29 | 4.18 2.27 1.62 1.13 «87 69 53
Cumlaotive

Clearsnce 22.25 20,47 23.74 30.1%6 31.29 .16 22.85 33.74

® Clearanco rates arc cxprecscd o3 the parcest of the initisl lumy burden.

(4) Cilearance rates over 17 hours post exposure. To investigate

the second clearance rate interva! notec in the previous experiments,
seven surgiceily prepared rats were exposed using the semihorizontal

niection tecthrnicue ancd Foilcwed at houriy iatervals for 17 hours

10b8427 o8
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TARLE &
CLONCASCE RATOSS FOR BOTRLY COLLISTICS INTIRVALS OF BATS

ESPCSED BY TS SDU-BIRISONTAL INUECTION METRDDY

st . Sios Post Lxpasurs, Hours

Bumber 1 2 3 s S 6 7 8 ] 10 N 12 13 14 15 16 17 Total
1 196 W55 2.95 4.19 4,62 1.07 .35 .49 B8 L6l W83 W30 W24 W26 W14 16 .08 19.96
b Bu01 4023 414 15.57 1.50 1.45 1.60 1.72 1,47 B8 .37 .29 W22 WG .07 .03 L0 42.%6
3 3.60 .03 W4T W49 2,63 W35 L35 .37 .29 1,33 W18 L2130 W16 (10 W07 W13 .09 11.49
4 15.55 5.0 2.52 2,07 1.55 1.10 .83 .65 .25 .09 L18 L1l .05 .03 .11 .03 .07 34.28
s Ses] 1475 o84 466 2,27 W03 LAY WSD W35 W20 W17 W27 W01 W11 .09 .05 .04 15.48
6 3301 1057 .66 463 .85 .03 L1 .12 .07 W35 W19 W10 .05 L4 .03 .02 .01 25.10
7 19,45 6.86 W71 .30 .20 L4735 W21 W83 .73 .05 W30 L0915 W18 .24 .03 31.26

Maan

Clearsmes 12,79 2.9 1.76 3.42 2.00 .75 .58 .6 .61 .67 .28 .21 12 .09 20 .10 .05 27.13>.

Cumilative i
Clearaoce - 12.79 15.75 17.51 20.93 22.93 23.63 26.26 24790 25,57 26,18 26.46 26.67 26.79 20.83 26.98 27.08 27.13

T

® Closrarce rsotes ore ejscssec as the percent of the initial lung burden,

ror 1 cdev to & cdays following exposure.. Sevea-

teen rats were injectec us erticel injection technique and

e ]
tmn
[
iy
[
<

caily cleererce retes were ¢

(11}
1
o

rminec over five days (Table 5,;. The results
clearance over 5 days equalled 21.57 +
2. 1% of the delivered dose. During the first 24 hours, 14, 2% + 1.8% of

the delivered dose wes clezrec, presumably following the kinetics of the

first and seconc cieerznce rate intervals foﬁnd above. The remain}ng
7.3% %+ 0.7% of the delivered dose was cieared from the lungs during the
subsequent & days. The cléarance rates in Figure 6 can be approximated
by a single expornential function having a Ty/2 of 1.5 days.

CMMENT

Sur findings suggest that mucociliary clezrance rate variations over
five days following intrstrachcal exposure of rats can be characterized

.y & seguence of expecnential functiors. We have introduced the term

110 |  DoE/HQ



'elecrence rete interve!' to cdesicnzie 2 limited time interval over which
.5 c&n be expressed by & simple mathematical
relationship., The experimentel data indicate that three distinct loga-

¢ clezrarnce r:té intervals are needed to describe clearance rates

ve cays folicwing the intratrachez! injection of particles.

g 30. B
& 20. ]
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= 8 - —
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[ &)
& o8 £ =
S os [T .
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°o . = =
o 06 [~ -
- ]
g 04 = -
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% 02 —
e
2 0! L N N N A B
¢ 2 4 6 8 10 12 14 16 18
HOURS AFTER EXPOSURE
FIGURL 5.
“ucociliary cleerance rates follcwing Tne semi-hcrizontal injection
0% zazrTicies {(see Taoie 4), ' '
A cdeliberate attempt to alter the cesosition pattern of the injected

Ric) t¢rez wes mede In these experiments
Sy chenging the positvion of the ~ot during and immediately following the

tneratrecheal Tnjecticn. [t was essumed that the gravitstional effects

1068430

w

131 _ [)()EEI"*C:



»ADLE 3
CLEARASS 'TATI5 'R DAILY CCLLITTION INTERYALS Of BATS
L=POSTD TY TRT VIRTICAL IRJECTION METHODS

Rat Tioe Poxt Lxmosure, Doys

Nrsber 1 2 3 [ S Total
1 11.49 2.66 1.48 o3 08 15.5%
2 11.€3 1.83 33 Il «18 - 14,45
3 15.15 3.87 2.66 3.3 \J 25,94
b 16.85 3.05 3.2 1.60 2.5 27.28
5 5.97 .69 1.40 25 814 2.81
6 21.67 +67 93 1.1 1.52 25.15
7 15.23 J.a «-87 20 Q.15 23.52 :
& 11.6% 7.52 29 «26 x 1%.65
9 13.30 h.L5 1.10 2.08 1.53 22.41
10 - 3.30 2.57 1.45 K- «30 &.66
n 14,92 5.62 2.05 1.21 32 24.19
12 10.55 1.96 1.30 2.3 1.22 1.2
n 24425 2.93 -2 6.90 . .16
14 .10 1.54 4.97 2.12 2.1 13.8%
1s 32.4% 6.0 5.37 5 o9 &4.75
16 16.59 2.4 1.10 2.7¢ 17 3.9
7 £.76 3. 2,66 28 23 15.37

Masn . .

Clsarenos 14.18 3. 1.84 1.5 40

Cunilative

Clecrsnca 14,12 17.% 15.D0 20.74 2L.54

‘& Clesrsoce vates are exyrasssd as the poroemt of tho dnftisl lung berdes.
= Collection lost.

the particle sussension wooicd recult in a deeper penetration of the -

. D -
v

sulmonary systerm when the animcis were positioned vertically. - The total

clearance over z & hour perioc in the vertically injected rats was

- than the totei clearence in the semihorizontally in=

(&8}
u
3
“h
Y
(e}
41
o1
ct
.-
<

|
(0]
0O
[ad
(1)
(e 8
“1
(4]
ch
w
[1d
.
.00

“ vs 32,7., respectively, (Tables 2 and 3), and the
individual hourly clearance rates between the two groups also differed
significantly (Figure 4); Since the variations in the injection techni-
gue woulc nct be expected to procduce a cifference between the two groups
in the functioning of the mucociilcry escalator, these data suggest that
the variation in the injection technicue resuits in an altered deposition
pattern of the particles. The chenge in the distribution of the particles
was reflected in the changes noted in total clearance and hourly clearance

retes. The exparimental method, therefore, is capable of assessing the

.ffects of altering the particle deposition pattern even though the specific

106843 o 00 /HQ
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& Tire: clearance rete interve) naving & 1/2 of &7 minutes and extending

Trom zero time to 150 rin

3
[ e
cr
(0]
wn

Ttoliowing exposure'probab]y results from
particles deposited on, anc rapicly cleared from the mucociliary epithelium
of the upser trachecsronchial tree. The spec}ch anatomic or physiologic
basis of the secord clearance rate.interVal'extending from 2.5 hours
foliowing exposure to less than 2L hours and having a Ty/2 of 2.8 to 3.9

jhoprs is less certain, This also agplies- to the tﬁird clearance rate

in

rt

erval extending Trom one dav to at least five days following exposure
-’ [ y

anc having a T]/z of 1.5 days. For clearance rate intervals in which

.

the clearance rztes decrease locarithmically the mathematical expression
o7 cleezrance retes, clearznce and retention would be as follows:

Clezrznce Rates

R=Rpe ™" ' (1)

"
=3
o

nA

[ds
—

(=]

. 633
i/2

ire of cnset and end of clearance rate interval

k = clearance rete constant =

= 3

1 z

t = time post cxoosure betwaen Timits t1 and +5
Retention. The total amount of material (Do) cleared during & deflned
clearance rate interval may be consicdered as the total amount of material
inicially retained (or deposited) i~ some subsection of the pulmonary
system. It Tollows from the defirnizion of clearance rate that R = dD at

gt

time t where D s the amount of maze-iel retained in the pulmonary subsec-

(]

.cf. From this it cer be shown ¢l.e%
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A, = =kD, (2)

mence retention D czn be writien

D=0, e B (3)

Cunuiative Clesrance. Since cumulative clearance (C) of material

-
"

dur

[{a}

a detinec cleesrance rete interval is equal to DO-D at any time t,

t can be shcwn thet

C=0_ {(i-e 7y &)

ines are constructed by assuming that the prior

nathematical formuieiion zoplies to the first clearance rate interval of

Figure 3, where %. = C =inutes, Ty = 150 minutes; T1/2 = 30 minutes and

Do (correctzc, = 11, I8% of the ceiivered dose. The experimentally deter=
rminec dete derlivel Tror Teile | are plotted. it should be emphasized that

retention refers -7 o tcte! iung retention but only to the fraction of

material remaining 1o zZe ciezracd cduring the clearance rate interval,

~ay - o=l
<
- vl LD

tne fotervinolla o7 LAl concool reievence of our findings must
&WaitT covsirison LY S8TC o isol ¢on Tnhiciction cexperiments,  As empha-

<

sizad cocve the suudy oF cleonrance kinmetics ccnnot be divorced from

the eviects oF torools cososivian JlsTriviuiions.  TheSc experiments

ComOASUFELL & meinOd in Tng rat of deleniniag clearance and clcarance

nZosure period, ' Tihe technigue permits

€ assessirens of the &/floos on mecccilicry cliearance of variables or

-, sc o= - . PPN = - N R - - T = H -
Siresses wn.on mov indicenz: olther tne ceccsition of particles or the
- - 1 - =~ - - - = —

SeQOC i, VETY ERCEIEICT mElseniso,
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UPTAKE OF 1251 IN TRYROID OF SEVEN
INDIVIDUALS FOLLOWING INHALATION INCIDENT

7.L. BORDELL,* J.A., SAYEG and N, W.LD
Department of Oécupational Health
Graduate School of Public Health
University of Pittsburgh
Pittsburgh, Pennsylvania
R.L. WECHSLER
School of Medicine
University of Pittsburgh
Pittsburgh, Pennsylvania
Seven individuals employed at an industrial firm in tke greatér Pit;sbur;
area were inadvertently exposed to vapors of 1251 the morning of April 15, 1966.
The vapors had éscaped from an open beaker containing 10Cmc of the isotope. The
incident was first noted when local radiation monitors indicated excessive level
of radicactivity present in the laboratory. After Health Physics surveys of the
exposed individuals showed presence ofvcontamination, they were brought to the
Radiation Medicine Department of Presbyterian-University Bospital. Further sur-
veys with a éeiger counter indicated gxcessive acfivity in the thyrcid region of
all seven persénnel and swipe surveys of the nasal area indicaﬁed ;he presence o
contamination. .fter decontamination by showering, all personnel wére counted
with a 2" x 2" NaI(Tl) crystal assembly utilized for detecting the 28 kev K X-ra
of 1251. This unit was connected to a 400 channel TMC analyzer wi:h the detecto:
placed for two measurements per individual at distances 10.5cam and 42.5cm from t!

isthrus of the thyroid on the initi&l day.

I0bBU3D

*L.EC Feilow, Oak Ridge Associated Universities.
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The indivicuals were covered with lead aprons to eliminate activity other
than that from the neck region. Prior to counting them, the detector was cali-

brated with the orly available 1231 source, an oleic acid diagnostic test capsple

125

containing 34.luc cf I. The capsule was placed in a plastic ''thyreid phantom.'

Included in further post-exposure measurements was a thin xtal Cg.lcm NaI(Tli]

“detector. Different measurement techniques were utilized with the various cdetec-

tors and excellent agreemént was obtained.

"As of this writing (140 days post-exposure), foliow-up studies of the -
biodecay have been‘performed or. five of the individuals, using a collimated
assembly on the 2" x 2" crystal. To obtain a true background count of activity
present, other than in the thyroid, a 2mm thick copper absorber was plaﬁed over the
individuals® thyroids. A least-square analysis of the biodecay data, assuming an

xponential fit, has been performéd and an‘estimated half-life for 1251 has beeﬁ
found to be 35-45 days with an average of 41 days + a standard deviation of 2 days.
Effective half-lives of 3€ and 45 days were found for those two individuals refus-
ing follow-up efter the third measurement. These results are significantly dif-
ferent (by a factor of 507) than the effective half-life of 27 days quoted in
the literature.1 One individual administered KI f§r the first month following the
incident indicated an effective half-l1ife of approximately 25 days during this
period, but since stopping the treatment, has indicated an effective half-life

of 38 days. Extrapolation of the biodecay back to zero time revealed thyroidal

uptakes of 0.23 to 22pc. .Neglecting the initial rapid drop off between days 0-4,

« H. Endlich, P.V, Harper, et al: am. J. Roentgenol. Red, Therapy and Nucl,
Med., 87, 148 (1962). ’
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internal dosimetry calculations based on these uptakes and under the assumption «

a unit density, 20 gram thyroid, gave dose (o0 ) values of 1.1 to 114 rads.

INITIAL TEYROIDAL UPTAKES AND DOSE (o) VALUES?

Extrapolated
Exployee Initial Co (uc/gm) Tefs (days) Dy (&) rads

Uptake (uc) .

A 22.1 1.1 &5 114

B 3.20 0.160 38 14

c 2.5%4 0.122 39 11

D 0.228 0.0114 43 1.1

|4 (4.00); 1.36  (0.200); 0.C68 (25); 38 14 (B +06)

4 8.70 0.435 45 45 .

G 2.70 0.135 36 1

® Doses based on equaticn Dy (©9 ) » 2.29 T.¢¢ Co except for modification
in case cf Emxplovee E. The dose i3 considered negligible during the
initial rapid fall-oif between days O-a..
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The Detentin=m of Tnsnluble Alvpha Zmitters in the lung

T TN -

Rozer Caldwell
Nuclear Materials arid Eguipmeni Corporation
Apollo, Pennsylvania '

Introdustion

The pulmon;ry lung is the eritical organ for many industrial exposures to
racioaerosols. This is because the oxides of the actinide elements are cleared
§ery slowly from the pulmonary coﬁpartment(l). As little as 0.5 microcurie of
239Pu02 has produced a high percentage of lung cancers in beagles(z). And studies
on uranium miners from the Colorado Plateau(3) show no human immunity to radiation
induced lung disease. |

If we designate the lung as 2 eritical organ, then it is necessary to
e;timate accunulated lung burden in occupatiénall& exposed workers. This paper

11 show that fecal sampling is the only satisfactory method for estimating lung
burdens of insoluble alpha emiiters. These insoluble 2lpha emitters are those
ﬁctinide compounds classified as Class Y in the new lung wodel. The most important

are 239Pu02,.241Am02, 2M"UO‘Z and 232Th02.

I. The Deficiencies of lirinzlvsis and In-vivo Countins for Class ¥ Actinides

In 1954 Sill(u) pointed out the errors in using urinalysis as a
routine monitoring method for internal radioactive contaminants. In his
experience, radioactivity measured by who}e body counting could not be
detected in the urine. He found.however'that in all cases fecal samples ~
‘showed measureable quantities of the radio nuclide.

This can be easily understood if we consider the new ICRP deposition

and retention model shown in Figure 1. Inhaled particles are deposited in

three regions of the respiratory traci, the nasal-pharynx, tracheo-bronchial

' 0‘3&’“ 3‘; 120 - | S [’()EEI’}*(:
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LYMPH
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FECES

ICRP DEPOSITION AND RETENTION MODEL

Figure 1.

and pulmonary ci:;ar::e:ts. Alrmost 100 per cent of the insoluble alpha
emitters deposiied in the N-P and T-B regions are removed by ciliary mucous
transpért to the G.I. Tract in a2 matier of minutes. This rapidly eliminated
fraction, rep}esented by (b) and (d), together with a similarly rapidly
removed . pulmonary fraction (£) meke up an early clearance phase (Phase I).
All Fhase I insoluble alpha activity is eliminated in the feces. A second
clearance phase wiih a half time of‘one year or greater from the pulmonary
part of the lung is represented by (e), (g) and (h). Only about 5 per cent
of the Class Y maierizl origiﬁally deposited in the pulmonary compartment is
atsorbed (e) inio the circulating‘blccd. Another 15 per cent is reroved to

the lymch system {about 10% of wnich is later transferred to the blocd).

121
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The remainder is elirinated by endocytosis and the ciliary escalator through
.the G.Z. Tract to the feces.
lphin and other UKAEA workers have suggested that lung burdens of

Pud2 can be estimated by urine sampling. The disadvantage of this'technique
is obvious in light of this new lung model. Only a twelfth of the long term
lung burden is absorbed into the blood anc subsequently dep5sited on the bone
and other organs. The plutonium thus deposited will be excreted very slowly.
The maximum wrinary excretion from.a maximum perrmissible lung burden (16 nc)
would be less than 0.2 ¢/m/day. This maxirmm would occur several months after
the deposition. |

OnAthe other hand easily measured quantitieg-of plutonium are excreted
in feces. This is demcnsiraied in Figure 2. 4 fecal excretion reference level
is derived. Elimination from the pulmonary lung is by way of the blood, lymph

and G.I. Tract. Three basic assumptions are made:

1) bthe half tire of elimination from the pulmonary lung is 500 days.
This is the recormerndeZ value in Apnendix I‘of the Lung Dynamic Task Group's
report. |

2) The daily elimination from the Lung (Y¥Y) is proportional to the
current burden N. This is a collary of the first assumption.

3) The original burden No is equal to the sum of the daily elimination

from t = 0 ‘to infinity.

The calculation shows that 49 d/m/day is eliminéted from a 16 nc lung
burden, 32 d/n by way of the feces. One tenth this value, or 3.2 d/m/day would
be a suiiable reference level. Persons excreiing safely below this level could

be safely assumed to have non-hazardous lung burdens.

10b8UY | L, DOE/HQ



PHASE IL FECAL EXCRETION REFEXENCE LEVEL

40
60 Y

) J l
. | N=LUNG BURDEN | NON-AVAILABLE)
6.I. TRACT LUNGS ( COMPARTMENT

14
5 15
‘ laaY lRY

BLOOD LYMPH

I. TASK GROUP DEFINITION, Py0y:
693
-= t (doys)
N = No° 500 Y

DAILY LUNG ELIMINATION (Y)aN
693
Y » Yoo 500

o - ——
ha sl No-j;Ydt a Yoj;e 500 gt
693 tv

Y500
693

No'

II. MPNgs 16nc e 3.5x 104d/m

, 693(35:10%d/m
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Id-v1vo or wholie bogy gamma counting has demonstrated excellenti results
for the accurate ass2y of many radionuclides in the human body. The only
reguirenent is the presence of an energetic gamma emitted with reasonable

abundance from the radionuclide of interest.

Unfortunately, the actinide elements are not blessed with abundant

235

energetic gamma radiation. U is detected to levels as low as 7 NC. (6).
232”n can be detected by gammas from its daughters, but redistribution of
these daushters make evaluztion diffieu1t(7). Recént advances(e)(a) by
using thin Mal crystals havc improved the detection of 241An and 23%9pu,
2 nc of Zu;Am ani 16 nc of 23%Py can be detected in the lung., The detection
of 239Pu depands on the blAg present.

Theré are two basic shoricomings of present In-vivo counting methods
for actinide elermsnis, Adequaiely shielded and sensitive whole body counters
are expénsive (»3252,000) and suiizbly inexpensive counters cannot usually

detect lung burdens smaller ihan permissible.

II. Fecal Sancling Exnsrience at the NUMEC Plutonium Laboraiory

Feczl sampling has been carried out at NUMEC's Plutonium facilities
since January, 1966.. I+ is used to accomplish three goals: (i) the early
detection of acute inhalation exposures, (2) the estimation of detected
lung burdens, and (3) the screening of potential chronic exposures.

The Farlv Detection of Acute Inhalation Exvosures

The value of fecal sampling for the early detection of inhalation
exposures is illustrated in Figure 3. This shows the excretion data for an
acute inhalation exposure following a glove box explosion. The glove box,

fillec with provane gas from a leaking Bern-z-matic torch, exploded when

10b8LY3
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the technician struck the lighter. 2414n02 was the main contaminant. Urine

samples collected from the time of the accident throughthe third day showed

negligible quantities of 241 an, However, the first fecal sample, comprising

the bulk of the Phase I clearance, containzd more than 16 nc. This fact plus

pesitive indications from whole beody counts on the second day prompted medical
. IR

censultants to rerform chelation treatments the fourth, fifth and sixth days.

The urire excretion level rose ‘o more than 30 d/=/day and £2i1 off over
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the nex:t 180 days 1o normal levels. The fecal level &lso rose, rersaiing

the paiiern of urinz excretion. liore than 2 nc were eliminzted.

Lung burden estimates were made by thin crystal counting at the
Prestyterian Hospitial VWhole Bocy Counte: operated by Pitt GSPH personnel.
These counts were'perfdrmed on the sécond, f;urth, fifth, sixth, tenth,
tventy-eighth ané sixtv-second cdays past exposure. The indicated elevated .
counts on the secons and fourth day are suspect, since residual external
contamination was found on the patienfk chest. Vhen this was removed, the
count dropred off by a factor of three. This decrease cannot be attributed
to DTPA treatnmeni, since less than 100 é/m were excreted in the interval.
If it were true, then the value of the DTPA administration could be in
doubt, since-only 2 nc wers ultimaiely excreled and several nanocuries

should have bteen transferred from the lung to the bone.

The imporitant poini is>that_only the initial positive fecal sample
gave a clear indic;tion that an inhalation exposure had occﬁrred. If only
wrinalysis had been used, it would have been concluded that no exposure had
occurred. No DTPA ireaiment would have been prescribed and the technician

would have unknowingly retained a lung burden of inscluble alpha emitters.

It is gratifying to learn that DIPA can effectively remove AmOp and
Pub2 from the lung. This possibility-has-been suggested by Tombropoulos(il).
He also indicated that the heat.treatment history of the aerosol particles
might alter the'effectiveness of DTPA for removing Pqu from the lung.
Perhaps this is the reasén, Rocky Flats has reported a lack of success with

similar chelation treatment(s).

10b84LS 126 o
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The potentizl of fecal sampling for estimating plutonium lung burdens

is illusirated in Figure 4. %Yhen routine fecal sampling was commenced in
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early 1985, we discovered thai some individuals vere excreting 239Pu in
their feces from previously undetected exposures. Theée excretion cata shov
“that the fecal to urine excretiion ratio may be large even for other chemical

forms of plutonium. An investigation into this operator's exposure revealed
that his principal expm ures occurred during clean up of plutonium nitrate
solution leakage from external piping. The actual chemical form of the
aerosol in such cases is in coubt. However, the lung clearance seens to’haVe
& shorter halfl time, 100 deys. The cofresponding urine zvviotlin raii seens
to be about what would be expecied for transferral fron 1ﬁng to bone.

-The estimazted lung burden at the time of the first fecal measurement
is 7 nc. |

I would like to discuss *he third fecal datum point. Ordinarily,
one takes stray biocasszy daia, records them and marks the deviation off to
the vagaries of human metabolism, However, we discovered that the operator
had been freshly exposed the dzy prior to submitting the sample. The high
result probzbly is due to Pnase I clearance from a low level exposure. We
have learned that fecal sampling must be done after a person has been awéy

from exposure for at least two cdays.

Routine Monitorine of Chronic Plutonium Ixposures

Figure 5 shows the importance of routine fecal sampling in a plutonium
bioas§ay pfogram. The excretion rates via feces and urine are plotted against
"each other for all cases where samples were collected the same day. The UXAEA
reference level is set at 0.2 pe. Exposures.below this are given no further
consideration. The derived fecal reference level was given earlier. It is at

1.5 oc.
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ol ihe fecal datz undoudtedly renresent Phase I clearance and

sarily impertant. However, it is obvious that urinalysis

The

information presenied here caused us to investigate and correct conditions

of which we

had teen unzware. Breaithing zone sampling and fecal analysis

will jolt any es-ablished plutonium facilitiy out of its comfortable routine.

given procer

I0b8uLS

gererally ccncidered objectionable. YWe have found,

trination and sanpling technigue, that our employees have
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been as cocperaiive wiih tne fecz 1 s ampling programs as th°§ are with urine
samoling.

We give the employvee & quart plastic refrigerator carton, a small
roll of tape, 2 paper bazg and.a writiten set of instructions. He takes this
home to submit the sample. Ve have found it necessary to do home-only
sampling to avoid low level contamination of samples. After depositing’ the
sample in the carton, he rep the 1lid and seals it with the tape. The
carton is placed in the paper bag ané brought back to the laboratory to
await shipmeni to the Bicassay Vendor. HNo fuss, no smell, no messy handling
problens. Ve even add formzlcehyde, as requested by one vendor, by injecting
the carton with a large hycodermic syringe. The resulting hole is sealed

with plasitic adhesive

Prelimarv Resultis from Urznivs Tec2al Sam Ullnﬁ

Fecal samplin

4
=

was begun on a large scale at NUVEC's Uraniu:n plant
in June, 1985, Censrzlly we h;ve founs that uranium is easily detected in
the urine, but that the feces is the principal route éf excretion.

One interestins sei of early bioasszy data following exﬁosuﬁe to a
small release of enriched UFS is shown in Figure 6. Here the fecal éxcretion
rate continues to increase until the f{ifth day before falling off. UOze'is
ﬁhe inhaled product cduring "hex" releases. This is generally considerad to
be highly absorbed into the blood from the lungs. Perhaps the delayed fecal
excretion ratg peak is an indication of elimination of systemic uranium via
the feces. The ufine curve ends the second day since the senuence of
succeeding urine datiz is in doubt.

The last figure (No. 7) shows three groups of selected fecal ito urine -

ratios. The rztios were selecied from 126 cases to eliminzte data where |

[0b8BY
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1.

8.

e

fecel and urine sanrles were not collecled simultaneously, vhere Phase I
clearance w31l mesck the long term retained excretion and where exposures to
compounds other than UC2 are possible.

The resulting 18 raties fall almqst magically into three well defined
groups: Group I has nine ratios whose mean is about 2.3, Group II's 6 cases
average 14 and Group 3, 60 for 3 cases. The study is continuing and whether
this log-normal distribution will remzin is problematical. However, it is
obvious thatbat least some UC2 exposures are poorly detected by urinalysis.
Vhole body counting is elfective for enriched uranium lung burdens greater

than 7 nc. But fecal sampling is necessary for the etimation of smaller

_fractions of the permissitle lung burden.
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EVALUATION OF THE PUQFUA METHOD
OF CALCULATING BODY BURDENS

William R. Wood, Jr.
and
Warren E. Sheehan

Monsanto Research Corporation
Mound Laboratory*
Miamisburg, Ohio

Abstract

Data on urinary excretion of plutonium following pulmonary
deposition were obtained from five cases of depositions from
plutonium dioxide and from one case of deposition from a mixture
of more soluble compounds of plutonium. The PUQFUA system of
J.N.P. Lawrence was used to estimate body burdens for these cases.
An evaluation of the calculated body burdens for various time
periods after exposure shows an exponential movement of pluton-
ium from the lungs to the systemic circulation. The average

. half-time for the five cases was estimated to be 240 days,
while the half-time for the exposure from more soluble com-
pounds was 29 days. Through the use of the 240-day half-time,
body burden estimates were made by an integration method and by
a lung model urinary excretion curve method. These values agreed
with -the PUQFUA calculated body burdens and justifies the use of
" the PUQFUA system in caleculating body burdens received by trans- -
fer from the lungs to the systemic circulations.

INTRODUCTION

The problems of assessing plutonium body burdens in man continues to
be a subject of much concern to the health physicist. Variables such
as particle size, chemical form, solubility, route of entry, acute or
"chronic exposure are all quite pertinent to the data evaluation process.
Seldom are all of these factors known in cases of human involvement,
and as a result most of the human data of record have been extremely
difficult to evaluate. Even animal data which are generated under con-
trolled conditions have not conclusively determined the physiological
distribution of plutonium.

*Mound Laboratory is oﬁerated by Monsanto Research Corporation for
the U. S. Atomic Energy Commission under Contract AT-33-1-GEN-53.
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One of the major difficulties in the evaluation of human exposures
has been the presence of unabsorbed reservoirs of material in the body
which are released to the circulatory system at various rates depending
on the location and solubility of the material.* This situation
produces many elimination patterns and complicates evaluation processes
based on urine assays; many of the plutonium exposure cases reported
‘have been .complicated by these reservoirs and therefore do not fit any
simple model of eliminatioa.?

Several computer programs have been developed to relate urine assay
data to body retention.3'* These programs have used the systemic model
of urinary elimination reported by Langham.> There has been a general
use of these computer codes in routine monitoring programs even though
doubt has been expressed on their ability to determine body burdens in
cases where unabscrbed reservoirs of material exist.:*® '

Healy in 1957 documented urinary curves from human exposure cases
resulting from pulmonary depositions.” He suggested that a slow trans-
fer from-the lungs to the blood was taking place to produce the urinary
elimination pattern observed. This type of elimination, quite different
from that of a soluble uptake, has been cbserved and reported several
times since. Beach and Dolphin have recently published urinary elimina-
tion curves based on both an exponential and a power function rate of.
removal from the lungs to the systemic circulation.®

The exposure cases reported here, with one exception, resulted from
the inhalaticn of relatively insoluble plutonium dioxide. The urinary
elimination pattern observed resembles very much that observed by Healy
and others. The evaluation of the urine data to establish the systemic
body burden has been done by a system based on the systemic model for
acute exposure to soluble material. No attempt has been made to estimate
the remaining lung burden rnor the translocation sites of the material
reaching the blood. '

The object cf this report is to show that existing methods can be
used to determine the systemic burden in the more common types of
exposures that occur in industrial operatioms.

BODY BURDEN CALCULATIONS AND INTERPRETATIONS

An accidental release of plutonium-238 oxide resulted in five cases
of significant pulmonary deposition, The initial samples, though showing
uptake, did not indicate, according to the Langham power function for
excretion rate, that any of the cases had absorbed more than one tenth
of the RPG (Radiation Protection Guide) of 0.04 uc, Subsequent sampling
however,.did not follow the excretion rate according to the power func-
tion, indicating that there had been additional uptake to the system,
As a pulmonary deposition appeared to be feeding the systemic circula-
tion with a continual transfer, the PUQFUA® method of calculating
chronically received body burdens was adooted to pericrm these body

106845y w s DOE/HQ



irden czlculations. The method was felt to be reliable even though
che assumec continuous release to the system is treated as an acute
exposure midway between urine sampling dates.

With the rising excretion of plutonium, the PUQFUA calculations showed
an increase in body burden for the five exposure cases. After a period
of time, the rate for the movement of material to the systemic circula-
tion was established by comparing the calculated body burdens at various
times. Through this comparison the average increase per day for dif-
ferent periods of time past exposure was determined. Various spans of -
time were used for this evaluation. Since the rate of change of the
increase was similar for each span chosen, only the 100-day calcula-
tions are shown in Figures 1 and 2. The translocation half-times,
(hereafter simply half-times) shown for the five cases, demonstrate that the
quantity moving to the system is depreciating exponentially with time
by a2 half-time on the average cof 240 days. The differences in the half-
times of the five cases are considered to result from the method of their
calculation, rather than individual variation. The average value is
used for this reason. Individual values are listed in Table I along
with the initial transfer value obtained through extrapolation of the
curves of Figures 1 and 2 to Day One,

e CASE 1, 220 DAYS
4 CASE I, 235 DAYS
o CASE 1V,235 DAYS
(SAMPLE PERIODS
APPROXIMATELY
100 DAYS)

lo-3

1079 |-

INCREASE IN BODY BURDEN PER DAY
(MICROCURIES)

porsbl—L 1 04 114 1))
0 200 400 600 800 1000 1200 1400

TIME AFTER EXPOSURE (DAYS)

1. Average uc Increase in Body Burden/Day vs. Time (100 Day Time
Period)
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a e CASE Ill, 270 DAYS
¢ CASE V, 240 DAYS

(SAMPLE PERIODS
APPROXIMATELY 100 DAYS)

to-3

10-4

(MICROCURIES)

INCREASE IN BODY BURDEM PER DAY
T 1 ¥ T[TTI

{0~ 1 | | | | | 1 1 { 1 i | !
0 200 400 6G0 800 1000° 1200 1400

TIME AFTER EXPOSURE (DAYS)

2. Average _c Increase in Body Burden/Day vs. Time (100 Day Time

Period)
TABLE I
Dezermired Translocation Half-Times and
the Initial Days Transfer
TRANSLOCATION INITIAL TRANSFIR
HALF-TIME DAY 1
CASE (cavs) (_c /dav)
1 220 : 3.3 x 10+
2z 235 1.22 x 107+
3 270 1,02 x 10-¢
& 235 . 0.60 x 10°¢
3 240 0.51 x 107+ -
AVERAGE . 240

BODY BURDENS THROUGH INTEGRATION

The total plutonium transferred from the lungs to the system can be
calculated from the equacion ‘

2000

o (1.T.) et 4t = D, (Total transferred to svstem,
1 Systemic cr Body Burden)

10bBLSH ]
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~here (I1.T.) = Initial Transfer,
' = 0.693/240

.
g

The integration was completed to 2000 days to obtain a comparison
with the PUQFUA method through the same time period. The equation
reduces to :

0.994 (I.T.)
A

D, =

'The initial transier fractions for Cases 1 - 5 are taken from Tacle

The retention fraction (R,) is found by the equation:

R = Total transfer - Total excretion
) Total transfer

-

2000 . n=2000 . 2001-n -0.94
l“ (I'T-) e-".‘ t dt - z (IDTO) e nA. Jp 10079 t * dt
. Rt = »l . -— l
4 n=1
2000
F(I.T.) e\t de
vl .

2001-n

1.

b " - - / . (-] -
where (1.T.) e~ P+, L0079 ¢ 0.94 dt = the integrated?'!? total excretion to

day 2000 for the qh%htity (1.T.) e ™™\, which moved into the systemic

circulation on day n. The sum of this expression evaluated fromn = 1 to
.n = 2000 gives the totzl excretion. The equation reduces to R, = 0.927.

The retention fraction is further reduced by the physical decay of

‘plutonium-238 on 2000 days (5.5 yrs), or
(0.693)(5.5)

= (0.927) e° 20 = 0.89

R

t

Therefore the systemic burden retained (D) is found by:

D, =D, R, = 2:994 (I.T.)(0,89) = 308 (I.T.)

Table II lists these D, values and-PUQFUA calculations.

Table 1I

Comparison of the Integration Method and PUQFUA Method
of Body Burden Calculations

INTEGRATION @ 2000 DAYS PUQFUA @ 2000
CASE (.c) DAYS (. ¢)
1 10.2 x 102 9.1 x 102
2 3.8 x 1070 4.0 % 1072
3 3.1 x 102 3.6 x 1072
L 1.8 x 1073 2.4 x 102
5 1.5 x 1072 1.8 x 1073

I0bBLEST
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Case 1 received tresatment sith diethylenetriaminepentaacetic acid (DTPA)
which effected an:increased removal of 0.0l yc. This value was calcula-
ted by totaling urine excretion above the normal level prior to treatment.
The integration method values for all cases except Case 1 are lower than
the PUQFUA estimate. However, by subtracting the 0.0l uc removed through
treatment, the body burden estimate of Case 1 should be adjusted to

9.2 x 107% _c which is in closer agreement with the PUQFUA estimate. This
indicates that the PUQFUA method is capable not only of estimating body
burdens received through inhalation of insoluble compounds but also of cor
recting for the loss of body burden resulting from DTPA administration.

Closer agreement between the integration and PUQFUA calculation can be
achieved if consideration is given to the fact that other employees, who
have had urine sampling for a comparable period of time with no knowm acuts
uptake, have an average of 0.003 .c body burden (PUQFUA estimate). If thi:
value were taken as a background for the PUQFUA method of calculation over
a 5 year period and was subtracted from the PUQFUA calculated body burdens
of Cases 1 - 5; the corrected values would be as listed in Table III.

TABLE III
bcmparison 2f Tnree Methods for Evaluating Body Burdans

’ ) BODY BURDENS
3Y EXTRAPOLATION BY CORRECTED PUQFUA BY INTEGRATION

CAST .z} (.e) ()
L .0 x 103 8.9 x 1072 9.2 x 10-2?
< 3.7 x 103 3.7 x 102 3.8x 102
z 3.2 x 109 3.3 x 1073 3.1 x 103
- 2.9 x 103 2.1 x 1072 1.8x 1072
: L. x 10 1.5 x 102 1l.5x 103

LUNG MODEL URINARY EXCRETICN CURVE

With the assumpticns that the 240-day translocation half-time for
plutonium moving to the systemic circulation is correct and that the
translocated plutonium is excreted according to Langham's systemic
model, an equation for the rate of urinary excretion was derived,

With an initial transfer fraction, (I.T.), coming from a source
which enters the blood stream with an exponential decrease, the rate
of urinary excretion can.be expressed as: -

t=n _
T =1
where U, = The urinary excretion of plutonium fcr any day n, and

L, = Rate of movement to systemic circulation.
This can also be expressed by the equation

10b845E i DOE /HQ



n ‘ .
U, =0.002 (I.T.) * e ’i® (n-t+1)-074 ac.  (2)
1
ea eveloped a similar equation in an attempt to evaluate lung
Healy” 4 loped ] 1 1

burdens from urinary excretion. Healy's equation
n
U, =0.002 1,Q, [ e"At(n-t)-0.74 gt (3)

0
contained two unknowns, Q, (total fixed quantity in the lungs) and )\
(the overall rate of removal of the fixed quantity from the lungs), and
hence the integral could be evaluated only by eguating % =), . These.
two unknown variables are eliminated by dealing with a measured ), and an
educated estimate of the initial transfer. This does not relate urine
excretion to a total lung burden; it does relate measured transfers
from the lungs to an expected urinary excretion rate. This establishes
the pattern to be expected. The theoretical pattern (Equation 2) was
then fit to the observed excretion rates (Figures 3-7).

100
——— LANGHAM'S EXCRETION CURVE

-
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3. Case #l Daily Urinary Plutonium Excretion

POWER FUNCTION APPLICATION AFTER AN EXTENDED TIME PERIOD

After 10,000 days the curve begins to follow the single power function
of Langham and can be extrapolated back to estimate the body burden. The
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4. Case #2 Urinary Plutonium Excretion

burden estimates by the extrapolation method are listed in TableIII
the PUQFUA anc integration estimates for comparison.
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6., Case ;4 Urinary Plutonium Excretion

PERFVECT DATA CALCULATIONS

Additionally, the model curve was used to obtain data to be evaluated
by the PUQFUA method. Values at 30 day intervals were taken from the
curve for Case 2, from which a perfect data body burden was calculated.
This calculation was completed through 1250 days and gave a body burden
of 3.4 x 1002 _,c. At this time, 1250 days, approximately 967 of the
plutonium has moved to the systemic circulation based on the 240 day
half-time. Therefore, an estimate of the total transfer is obtained by:
3.4 x 1072 ,c/0.96 = 3.6 x 102 c. This is in close agreement with the
corrected PUQFUA calculation. ’

UPTAKE AT A FASTER RATE

To demonstrate the flexibility of the PUQFUA system and to show its
independence from a precise translocation rate from the lungs such as the
240-day translocation half-time, another exposure case is presented.

Case & received a pulmonary deposition exposure from a mixture of plu-

tonium compounds, principally plutonium fluoride and oxalate. The body

- hurden calculated by PUQFUA is 0.185 pc. An analysis of the calculated
>dy burden as a function of time as in Cases 1 - 5, demonstrates a re-

moval from the lungs to the system with a 29-day translocation half-time.
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7. Case #5 Urinary Plutonium Excretion

It can be seen in Figure 8 that the excretion rate after a period of time
begins to follcew the Langham curve. This time period is-different from
the previous five cases and is dependent on the rate of transfer from

the lungs. The body burden estimate made from urinalysis data.after it
begins to follow tne Langham curve, is 0,189, which is in close agree-
ment with the PUQFUA calculated body burden,

SUMMARY

Data from those cases which received systemic burdens through solubi-
lization of a reservoir of plutonium oxide do not demonstrate individual
variation in the excretion pattern. ' (In the absence of particle size
and relative solubility evaluations on the released material it is
assumed that similar excretion patterns. result from exposures to com=-
pounds of plutonium of comparable physical and chemical characteristics.)

The evaluations of the body burden calculations made by the PUQFUA
method show that plutonium entering the systemic circulation through
solubilization of a pulmonary deposition will exit the system according
to W. Langham's equations, provided complexing agents such as DTPA are
not used, These evaluaticns also show that the PUQFUA method is capable
‘of estimating body burdens for different translocation half times of

‘material transferring from the lungs to the systemic circulation,
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., The anzlysis of the evaluations cf the body burden calculations led to

.e development of a urinary excretion curve for plutonium resulting from
lung burdens of plutonium oxide. This model curve facilitates a more
rapid estimation of 2 projected systemic burden which will result from
lung burdens, but does not estimate the total lung-burden itself. Simply,
urinalysis data are related to systemic burdens and are used to extra-
polate with the use of the lung model curve the fraction of the lung
burden which will ultimately become the systemic burden.
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8. Case #b6 Urinary Plutonium Excretion
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A Review ¢ Plutonium Exposure Cases at Los Alamos
Abstract

M. F, Milligan
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Since it has been suggested (Health Physics 12, 1671 (1966))
that routine urine sampling programmes might be advantageously
modified to yield urinary assay results of mathematically greater
dependability, the experience at Los Alamos is reviewed in the
hope of deriving some idea of the constancy of plutonlum excretion
by incdividuals,

On the basis of admittedly limited data, derived from the.
analysis of serial 24-hour urine samples from cooperative indi-
viduals known to excrete plutonium, it is suggested that altering
the present Los Alamos sampllng program would not necessarily
result in the genera icn of more dependable estlmates either of
body burden or of exposure,
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BIOASSAY ASPECTS OF A UF6 FUME RELEASE

By
M. W, Boback
and
R, C. Heatherton
of
Health and Safety Division

National Lead Company of Ohio
Cincinnati, Ohio -

ABSTRACT

About 3800 pounds of uranium as UF6

cylinder, This paper describes the cause of the release as determined

: éscaped from a heated 10-ton

by an investigation team, emergency actions taken, consequences of
the release, and several urinary uranium excretion patterns exhibited

by exposed emplovees.

SUMMARY

Cn Febvruary 14, 1946, tbelre was a major release of uranium hexafluoride
in the Pllot Plant of the Feed Materials Production Center at Fernald, |
Ohio. A valve was accidentaliy removed fro.m a heated 10-ton UF6
cylinder, and approxiz.nately‘ 38.00 p;éunds of uranjum, as uranium héxa-

fluoride (UF6) gas, escaped before the opening was plugged. The cylinder,

The work reported herein was performed for the U. S. Atomic
Energy Commission under Contract No. AT{30-1]-1156.
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.astalled In a vaporizer chest, was ready to provide feed to a U'Fé-l:o-U'F4
reductioz process, An operator attempting to open the cylinder valve
inhaled enough of the escaping gas to develop pulmonary edema. He was

hospitalized for 6 days.

- Eight other operators invclved In the incident were giver oxygen as a
precautionary measure in the plani dispensary. Two hundred and eighty
N;ational Lead and AEC employees submitted over 1,000 urine samples
which were analyzed chemiczally for uranium and clinically for albumin,

cells, mucus, protein, sugar, pH, and specific gravity.

Most of the UF6 that escapec from the cylinder was absorbed in spray

from fire hoses that were kept trained on the escaping gas.v

DESCRIPTION OF EQUIPMENT AND PROCESS

The cylinder, -shown In Figure 1, was one of the standard 10-ton-
capacity vessels used by the diffusion plants for storage and shipment
of uranium hexafluoride. When used In our UF-to-UE, reduction
process the cylinders are cradled in a movable vaporizer chest, A
length of copper tubing is attached to the cylinder valve to conduct the
U-Fér.gas to the process equipment, Thé cylinder is heated by steam
introduced through two perforated pipes which extend aloz'lg the length

of the vaporizer hood,

Figure 2 is a schematic drawing of a UF'._,> c);llnder in the movable va-

porizer chest. The copper tubing connecting the cylinder to the process
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FIGURE 1  UFg Cylinder

feed line can be bent to accommodate slight variations in the positioning

of the chest,

DESCRIPTION OF THE INCIDENT
The incldent'occurred during the normal Monday start-up operations,
The cylinder had been used briefly on the previoué Friday without trouble.
At the end of the second shift on Friday the steam was shut off, and the

cylinder valve was closed, ' The steam valve was "cracked" open to

prevent freezing of condensate in the steam line,

At 7:C0 a. m. on Monday the steam valve was opened to heat the contents

‘of the cylinder, A: 8:40 a.m. an operator attempted to open the valve

149
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FIGURE Z  Flow Sheet UF, to UF,

by turning a wrench stemm which projected through an opening In the
V"aporlzer hood. The wrench would not turn at his first attempt, He then
applietﬁ more pressure and the wrench begah to turn, He made less tﬁan
one complete turn, felt a sharp movement, and then less resistance to
turning., Unknown to the operator, the entire valve assembly had begun
to turn. Then the copper tubing broke, allowing the valve asserﬁbly to

unscrew completely from the cyllm'i'er.

The operator was immediately engulfed In the escaping cloud of UF6.

Two other operators nearby helped him to escape the building, There

was an immedlate request by a nearby security patrolman for an ambulance,

.nd a disaster alarm signal was sent from the buallding, The fire truck and
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fire brigade were also requested and were immediately sent to the building,
Health and safety personnel also responded. The operatnr was taken by
ambutance to the dispehsary where he was given emergency treatment,
including oxygen. Within a short time he developed rales in his chest,

and it was believed that he was developing pulmonary edema. He was

then taken to a hospital where he was given oxygen until the next a’ay.

He rémained hospitalized for 6 days for observation. The two chemical
operators who accompanied the man to the dlséensary were also given

oxygen but were not hospitalized,

The water deluge and spray system which was installed in tbe'(:hest for
c-ontrolling lgaks is manually op;erated~ An attempt was made to activate
this system as soon as the leak was discovered but it failed t‘.o function
for a few minutes., It is not known if this was due to equipment failure
or if the operator, in his excitement, pushed thg lever in thé wrong

direction.

Immediately upon their arrival, the fire brigade connected the fire hoses
and began to direct a spray into the cloud near the place where it was
leaving the chest. The vaporizer hood was then raised and a direct water

stream was applied to the end of the chest so that it rebounded against the

cylinder at the valve opening. Continued application of water for about
an hour finally cooled the cylinder and reduced its pressure sufiiciently
to permit a wooden p{u‘g to be driven into the valve opening. This stopped
the leak. | |
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ne escaping gas was vcarried by.the wind in a southe?sterly direction
éver a laborétory building and the administration building, Personnel
from these buildings were evacuated to a location north and east. All
employeés were instructed that if they had noticed any peculiar 6dor or
had any reason to believe they may have lnhaled some of the material they
should report to thé dispensary., All involved in the emergency actions
were afso asked to report to the dispensary., Urine samp\les‘ were col-
lected from all of these individuals within a few hours of the incident,
Follow-up urine sa?nples were collected at the beginning of the work

day for several days after the incident

. ACTIVITIES OF THE BIO-ASSAY LABORATORY
“here was no need for evacuation of the Health and Safety Bullding since
it anc.i the site of the UF, release are on opposite ends of the pi'oject.
Most of the personnel of the Bio-Assay Laboratory continued their

routine duties during the release.

Urine samples began arriving‘ soon after the release was stopped.
During the week following the incident, 280 employees and 4 visitors
submitted 1024 urine samples which were analyzed for uranium by a
fluorometric technique., In the usual ‘piracedure., samples are analyzed
in triplicate, a.nd one techmician can analyze 60 to 80 samples per 8-hour
dayv.‘ Because of the large sample load and the need for rapid results,'

the procedure was changed to duplicate analyses.

our nrormal program, each urine specimen submitted for analysis is

accompanied by a data slip identifying the sample., After analysis, the

10b8Y 7| - o -_DOE/HQ’



uranium result is added to the slip which is then sent to the data proces-
sing group for the preparation of monthly, quarterly, and annual reports.
Each of the incident samples was processed in similar fashion. Results
were recorded on the data slips as the analyses were completed, for
the early samples, data were typed and distributed to those members

of the Health.and Safety Division who required the information. Later,

short data processing reports were prepared,

The typed information sheets and the data processing reports were helpful,
but inadequate., In ﬁan’y cases, we needed to know if certalﬁ employees
had submitted samples which were still waiting to be analyzed., To find
out, we had to go through the stack of d;té slips for samples awalting
analyslis. If iInformation was desired before the preparation of a typed
sheet or data prucessing report, the stack of completed data slips had

to be checked,

In future emergencies of this sort we will use the incoming data slips to
prepare a file card for each employee who submits a sample. One person
will be assigned the task of recording all Incoming samples on the file

cards. In this way we wi ll have an up-to-the-minute record, for each

employee, of samples which have been apalyzed and of samples gwaiting
analysis. Information éheets could .b.e prepared from the cards; or .
personnel who required the information could call the recorder who

would then.‘ read off data from the card, The cards would also be available
for review, and copies could be made with an available copiér. Com-

153
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leted data slips could be sent to the data processing group as soon as

the slip information was recorded on the file card.

RESULTS OF URINALYSES
Six employees volded urine samples in which the uranium concentration
exceeded 1 mg/l. Their exposures and results are briefly discussed
below, No albumin was found In any samples f{rom these employees,
Thete was no clinical evidence that any employee su.ffgred damage as a

!

result of his uranjium exposure.

Elimination of uranium was rapld, During the first few hours after
.exposure, the biological half-life for most employees was 4-6 hours,

After 24 hours, most employees had dropped to thelr pre-incident level,

Employee A - The first urine sample from the -hospitallized chemical
operator was collected 2-1/2 hours after his exposure. For a‘perio.d
of 8 days, durrlng his é6-day hospital stay plus 2 days at home, total

urine voidings were collected and analyzed for uranium. During thils
8-day perlod, only two voidings, at t = 83.8 hours and t = 96,3 hours,

were not collected {t = time Interval, In bours, following the lncidenB.

Concentration of uranium in the first urine sample {(at t = 2.5 hours) was
1,8 milligrams per liter. At t= 25.5 hours, the cont':entlration was down

to 0. 055 mg/l. For this period of rapid decline, the biological half-life

is about 5 hours. From t=25.5to t = 35,9 hours, the concentration
dropped from 0,055 fng /1 to 0,026 mg/l. Concentration incr'eases occurred

.t t= 40,5 hours (0.049 mg/l) and at t = 65, 6 hours (0. 033 mg/l.

1068473 5 -
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These increases occurred while the employee was confined In the hospital.
Prior to the first increase, he was given oxygen, terramycin, and seda-
tives. There is no apparen’t correlation between his therapy and the two

peaks in his excretion curve,

The graph in Figure 3 présents data up to t = 72.3 hours. From this point
on until the end of the sample collection, fifty additional voidings were col-
lected and analyzed, The highest uranium concentration in this group was
0.018 mg/l; most concentrations were below 0.010 mg/l. Normal con-
centration for thic employee prior to the incident was 0,01 mg/l. Total
uranium excreted was 3.36 mg after 25.5 hours and _3.v65 mg after 211. 6

hours when the collection was stopped,

The employee's condition improved rapidly during tvhe first few days in the
hospital. He stayed for 6 days, primarily for observation. He returned
to work, fully recove‘red, 9 d;ays after the accident, While he was in the
hospital, 41 of his urine voidings were analyzed for protein. All results

were negative, Since his return, three urine voidings have been analyzed

by our Medical Lab for albumin, mucus, cells, protein, sugar and pH,

No clinical abnormalities were found,

Employee B - One other Pilot Plant employee exhibited a pattern of
g;'rinary aranium which was-similar’to that of the hospitalized worker,
This empioyee is a member of the Wate.r Treatment Deéartment. and
daring the release he helped man the 1;ire hoses. His expésure differed

irom tnat of Employee A. Employee B was exposed for a longer period

10684 1y s
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1{ time but was exposed to lower concentrations, The first urine void-
ing, collected 2 hbur§ after the start of exposure, contained 1,3 mg U/l..
A second voiding 5 hours later contained 1.2 mg U/l. After t‘his voiding
the uranium concentration drepped rapidly, with a half-life of about 4. 5

hocrs., Results are graphed in Figure 4.

-Employee C - This employee of the local AEC office closely followed
the efforts to halt the release. His first urine sample was collected 2.1
hours after the start of release, See Figure 5. The excretion pattern

is similar to that of Employees A and B,

Empioyee D - This Pilot Plant employee was involved in efforts to halt

the flow of UFé' For 7 hours after his exposure his urinary uranium

-oncentration decreased from 1.1 mg/l to 0. 43 mg/l, with a half-life
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of about 4,5 hours, After this, however, the elimination pattern
becomes erratic, Later urine specimens contained 1.6 mg/l (t=9,3

hours), and 1.9 mg/! {t = 17. 8 hours). See Figure 6.
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This employee usually consumes large amounts of liquids. After his
exposure, during the remainder of the workday, he and several Pilét

- Plant employees were kept in the Health and Safety Building for obser-
vation by the Medical staff. AOnly water and liquids from the Cafeteria
and disp.ensi'ng machines were available, It was during this period of
inactiv'ity that his urinary u;anium concentration decreased in a '"straight-
line" pattern. His habit after work, when the pattern became erratic, is

to drink other liguids, including beer, in modest quantities.
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cmplovee £ - After evacuating the Pilot Plant, this employee helped
.mpve fire hose to an area near the cylinder. He directed the nozzle of
~one hose, trying to cover the men who were trying t6 plug the cylinder.
He workéd without a respirator for 20 to 30 minutes aﬁd said that during
this period he felt some effects of the fume in his throat. After obtaining
an air pack he continued to man a fire hose and remained in the area

until the UF6 cylinder was plugged. See Figure 7,

The excretion curve in Figure 7 shows a definite decline, then a rise
several hours after exposure, and then a further decline. As in the
case of Emplovee A, we have no explanation for this behavior, Peaks.

of this type have been noted in other U exposure cases.

mployee F - This employee was at the reduction process panel board.
He looked through an observation window just as the injured operator

passed, in a cloucd of fuzﬁes. He notified a supervisor that there was

a UF, release and then tried, unsuccessfully, to activate the deluge

é
system. When the fire brigade arrived, he helped man a fire hose. His

first urine voiding was collected 3.3 hours after the start of the release.

See Figure 8.

Other Employees - Sixty other empléyees 'squitted urine voiéings which
had uranium concentrations between 0.1 and 0.9 fng/l. Some of these
-employees were not near the release site, but walked through the light
fog of steam and hydrolyzed UF, which drifted near the -Laborat'ory and

dministration buildings., A urine sample from one female office
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worker, att = 8,2 hours, contained 0.3 mg/l. A second voiding at

t = 23,3 hours containec 0. 006 mg/l.

The Medical Department Clinical Laboratory analyzed almost all urine

Y

samples for clinical abnormalities before the samples were analyzed
for uranium. No abnormalities were found which could be attributed,

to exposures resulting {rom the UF6 release.
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S. Marshall Senders, Jr.
end
r. Delano Knight

Sevanngh River Laborato Yy
E. I. éu Pont de Nemours and Co.
Aiker, Scuih Cerolina 29801

INTRODUCTION

In & tiloassay prcgram, urine and cther excreta are
analyzed to determire now effectively current protection
practices prevent assiniletion of radionuclides by employees.
A basis Is needed tc cCeiermine how often these samples must
be collected from emplcyees to provide'adequate coverage at
minimum cost, The method ¢f West and Reavis (1) statist: cally
evaluates recent pas: dazza 5 establish sampling frequen-
ciles. EHowever, this me:inhcc assumes no change in working
ccnditions or effectiveness c¢f protective measures.

Twc probabilistic methods are presented which are
based on a program cf sample collection rather than past
datea, and avcid these essumptions. In these methods,
coverage is defined as the probarility of a single assimi-
lation of a specific‘qu°ﬂt1ty of & radionuclide belng
detected by urinalyses One method gives the probability
of detecting by a prog"am of urinalyses an assimilation by
anyone 1n & group of individuals., The other gives the prob-
ebility of detecting an individual's assimilation by
analyzing a given sample of his urine.

*The information conteined in this article-was developed
‘uring the course of work under Contrac:t AT(07-2)-1 with the
. S. Atomic Energy Commiscsicn,.
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METHOD I - GROUP CuNSIDERﬁquu

17 an assimilaticn of a radionuclide occurs in a group,
the protarility of detecting this assimilation, P(GP), can be
derived by considering two periods of time (Figure 1). There
will be a time, T, when the rate of excretion is above the
limit cf detection, during which the assimilation can be
detected if a urine sample is collected from tre individual.
By sampling the group at regular intervals, I, there will
be a pericd cf time, mI (where m = m/I] or the rumber of
whcle integers in T/I, e.g., for 3 T/I < & thenm = 3.),
when detecticn is certain if the 1nd1vidual is sampled.

When T > mI there will also be a probability of detecting
the assimilation durlﬂg an additicnal pericd T-mI. If A is
the event of an individual being sampled and an assimilation
being detected at least once during the periocd mI and B is
the event cf an individual being sampled and ar assimilation
being detected during the period T-mI, the probability of
these twc evernts a“e

QUANTITY
EXCRETED
PER DAY

=
=
n
=2
L
>
o
<2
L

DETECTION
LiMT

TIME® 71 61 50 41 31 21 1

FiG. 1 THE PROBABILITY OF DETECTING aN
ASSIMILATICN IN A GROUP
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(z) = P8} B(D|s)g

wvhere S is the event of sampling at least once, and DIS is
event of detecting an assimilation, given that a sample had

the

been taken., If F is the frection of the group sampled, then

2 -1
P(8), = [F + (1-F)F + (1-F)°F + ... + (1-F)""°F)

. m
P(a) = 1-(1-F)". | (1)
Assuming that the prcterility cf an assimilation occurring at
S perticular time betveen r-nalyses is the same &s for any
other time during the interval,
\ e ,i-mI
(2 = :-0—;-). - (11)
The probveatll.ty cf detecting an assimilation in & group
P{(GP) can now be expressed s the sum of the probabilities
of detecting the essimilaticn either during the first or
second period or durirg both pe”lOCS

P(G2; = F(LB) + P(AB) + P(£B)
where P(AB) is the probebility of event A occurring and

event B not occurring, etc. Since A and B are independent,
this equation can be written

106848 |
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irn the above eguaticn glves

1=
o}

)

0
143
N
+
e |
|_J
'
v
P
N>
U
~~
to
~——

or
P(GP) = 1-{1-F)" + (1'—F)m-p.(;}mI).
Rearranging this gives
2(c2) = 1-(1-7)"[1-F G )] (111)
AT s - I . J*

=i
ct

shculé be noted tha® there are no restrictions upon this

&

reletionship. . I£

b )

<., then m=o and P(G?) = F %. This is

true even when =i, since

. 0
lim (2-F)7 = 1.
=1
The values o (32} for varicus values of T/I and F are

-
- ~ E g T e gm ~
ted in ILEUrE =

ko
-

METECD II - INDIVIDUAL CONSIDERATICN

-

If we selec
[P(IN)] of detec

cre inéividual from a group, the probability
a single assimilation of a specific
-uciide bty analyzing a given sample of ‘his

guantity cf a radic

urine can te determined with this methced. Since a sample of
his urine has ‘een collected, the prcrtability of ccllecting 1t
need not te considered. . In order to apply the probability

t5 anycre in the group, no knowledge of the individual's past
sampling histery is ssumed Rather, the co;lection values
for I, F, and T for the "group consideration” can be used to
calculate the prcbebility, P(IN). This probatility is the
product of the prcbatility of an interval of a certain leng
occurring between two consecutive urinalyses, v(d;, and the
protacility of detecting z single assimilaticn occurring
durinz the inzervel, 2{M), summed over all pcssitle Int e“vaTS,
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FiG. 2 THE PROBABILITY THAT AN ASSIMILATION wilLL BE DETECTED
IN A GROUF, P!GP,, WHEN DIFFERENT FRACTIONS OF THE

WORK GROUP, F, ARE SAMPLED, AND DIFFERENT INTERVALS
BETWZIEZN SAMPLING. |, ARE USED

(1v)

The develcpment of expressions for P(L), are illustrated
in Figure 3. Here all possibilities of an individual being
sampled during the four previous sampling periods are
represented by vertical steps along a horizontal time axis,
If personnel in a work group are randomly sampled at specific
time intervals cf length I, the probebility of an individual
selected fer urinalysis having been selected with those in
the previcus sample, &nc thus having gone one interval
_hetween urinalyses is the ratio, F, c¢f the number selected

> the totel rumber in the group |

1068483
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. Number selected

P(L). =7F =
r(L’l Total in work group

The probability of him not having been selected in the previous
.sample tut having been selected the time before and thus
having gone two intervals between urinalyses 1is '

and the proratility that re will have been missed on the last

Number of
‘urinalyses
in last
four Intervals

O — M ol D

Time %

NI

BRI

P, = F= 0l

'P(LY, = (-FIF =009
P(L)3 = (I-F)%F = -0.08]
P(L), = (I-F)F = 0.0729

Number sompled = 10

Number in group =100

TR

YU T

FIG. 3 THE PROBABILITY OF AN INTERVAL CF A CERTAIN LENGTH
OCCURRING BETWEEN TwO CONSECUTIVE URINALYSES
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-
- ¢

l‘J
m
f
'

This the provebiliiy of geing n intervels between urinalyses

P(L), = (1-7)°"1F, (v)

Pigure & illustretes the probability of detecting &
single essimilation -ccurring during the interval between
censecutive urinalyses, Assuming that the probablllty of
an assimilaticn occurring at a particular time between
urinalyses i1s the sams fcr any other time during the
period, then the probtatilily cf an assimilation being
detected by urinelyses 1s the ratio of the length of time,
T, during which the raie cf excretion is above .the limit
cf detection, to the leng:th of time between urinalyses,
+If I is the interval a: which members of the work group
are selected for urinaliyses and . is the number of such

P

1
o
mn (

QUANTITY
EXCRETED
PER DAY
- :\\ lh\ i
T ANANEN
4+ - | Nt AN n
: \l N
3— . : :\\ ) \{
) DETECTION ! l So
Lmir | | Se
|+ : 1 T=4 Mos.
[ ZWsin 2577  DETECTED

TME® 9 8 7 65 4 3 2 |

I @ @

\—.’_\/—-‘_/
31=9 Mos.

FIG. 4 THE PROBABILITY OF DETECTING A SINGLE ASSIMILATION QCCURRING
DURING THE INTERVAL BETWEEN CONSECUTIVE URINALYSES
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intervals between an individual's urinalyses, then the
protatility of detection after n intervals 1s

P(M) = = or 1, (vi)

i
-

o]

whichever is smaller,

Thus, the protarility of an acute assimilaticn being
detected in an individual is founéd by substitution in
eguation (iv).

BIIN) = F = 4+ (1-F)F = + (1-F)°F = + ...
} I 2T 2T

cr
©
n-1
- -y - I Z l‘F
I\aNy o= b - n
— n=l EY
cr
N N T 1. T ~ '
bk VA TS I U A S N -
P(IN) = T (Fon(d) (T ¢1), (F<1). (vii(a))

When = > 1, en additlonal expression must be added to the

avove egquaicn since (IX)cannct exceed 1,

m
S - I Ly, l ~y=1
P(IN) =7 T s (<) Z ( ) (1-7)" 7]
n=1
(z21), (F<1) (vii(b))

(=< 1) (vii(e))

d
~—
-t
P
~.
]

-1 3
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Ul

P(IN) =1 (% > 1) (vit(g))

Thus, if an individuel has zssimilated a certain
uentitly of rediozctive materizal since his lest urinaslysis,
the probetility of detecting it in a given sample of his
urine can be calculazed. '

+ ,0

\

Velues of 2(Ix)
. h L) AR Y -~
piotted in Figure 2.

or variocus values of T/I and F are

L

P(IN)

FIG. 5 THE PROBABILITY THAT AN INUIVIDUAL'S ASSIMILATION WILL BE
DETECTED BY ANALYZING A SAMPLE OF HIS URINE, P(IN}, WHEN
DIFFERENT FRACTIONS OF THE WORK GROUP, F, ARE SAMPLED
AND DIFFERENT INTERVALS BETWEEN SAMPLINGS, |, ARE USED

APPLICATION

To apply the above derivations tr~ a hypothetical
plutonium tiocassay progream, the guestions asked are: 1) How
ood 1s the present sampling progrem? 'and 2) How can it be

aAproveld? :

~10b8U81 168 | DOE/HQ
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Pirsi, one of the ebove methods should te selected. For
cur examplie the'grcur consideraticn 1s used, since detecting
an assimilation ty anyone in a group cf emplcyees is more
meaningful than detecting an assimilation by a single

urinalysis. Thus P(GF) is used rather than P(IN).

Next, values of T have to be calculated. For plutonium
this' can be done using the following equation reported by
Tangham( ), -

- -0.77

£ = 0,0023 DT
where E, the guantity cf plutcnium excreted per day T days
afver assimilation, ard D, the quantity of plutonium 3551mi-

ated are ir the same units, If E is expressed in

/ »/day and D as the rercent z£ the meximum permissible
body burden (MPEE) cf 0.04% pCi, then the equation becomes

-— _O.”H

E = 2,0424 DT ”.
Scliving this feor T gives

- (2.0422 D)l.3

- E
IZ T is the numter of days befcre the excreticn rate, E,
falls below the ticassay reporting limit of 0.1 d/m/day,
ihe abcve eguatizn teconmes

1. :
T = (20.424 D) 3, (viii)
The ccverage cof an existing prcgram can now be
expressed in terms of the probatility, P(GP), of detecting
ar assimilaticn of D % MFE3 of plutonium in a group of
emplcyees.,
Fcr oour thOun tical program, let us assume that
the em ployees are divided intc five groups accerding té
trhe Interval, Iy, &t which they are sampled. Zvery
member :f & grcup is sampled at the end of the
apprcpriate interval, thus the fracticn cf “he group
169
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ol Tes is 1. Thne size of an acute essimilation,
xpressed as percent cf the MPER, which cen be detected
k™

3 2
e ed as
with a 50, 93, ané 100% probavility are calculated by

ctteining a value of T from eguation vii and substituting it |

“in ecuation viii, These are given in Table I for the five

groups - quarterly, Q; semi-annuel, SA; annual, A; three-
year, 3 yr; end five-year, 5 yr.

TREITZ I

% cf the MFZZ which can be detected with a 50,
92, and 100% prctability using the hypcthetical

g D(% MPEE)
Grour {de¥s  P/GZ. = .BC PIGE) = .65 PGP} = 1.00
Q cl c.z3 .52 >1.58
SA 15z 1.58 2.5% >2.6%
A 3és .70 L, 4z >4, 60
3 yr hleets £.22 10,32 >190.72
5 vr izt c.2:2 15.2% >18,&¢

I enswer the question of how good
rcgram. ixf these coverages are
2 bte ccmplete. However,

cf the erility of this methed to
S in the sampling program can be

The values in Tatl
is the present sampling
acceptatle, our study w:
acdvantage should be teke
indicate where imgrove
made.

A guestion freguently asked is, could the ccllection
intervel, I, be increased without changing the covereage.
This would mean reducing the value of T/I while holding
T and P(GP) constant. ~Looking at Figure 2, we see that
this is usually possible if an appropriate increase 1is

made in the fraction of the group sampled, F. In this

example, however, F is assumed to be 1, so this is not
possible.

The fraction of the group sampled might be reduced
and compensated for by reducing the interval between
semple ccllections to meintein the coverage. This raises

e question of what effect this will have on the work
vad of the tioassay labcratory.
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To ccmpare crne program with ancther having different
values ¢f F and I, the following expression for the compara-
tive tiocassay wecrk locad, W, 1s developed.

-
-—

*rf

"
o

W 100 (1x)

i

I
o

where I and ro are the sampling interval and fraction of
the group sampled under the basic program., Since here

e =1, this reduces to

Io
W =-— F 100.
4

This mey be carried one step further by substiituting

R R L1 (D R B |
I FT T (A-F)m T T

frem eguaticn (ii1i) in the above equation giving

It may be ncited that wnen m = O, this equation reduces to

Thus for a given P(G?), values of F and I have no effect on

7
tne labcratory work load when = < 1.

-

Let us now compare a sampling program which would pro-
vide a 50% protasility of detecting the assimilaticn of 1%
of the !FE3 with the above program for the quarterly group.
To dc this, T/I is czlculated friom eguatizn (Lii) for
varicus values ¢f 7, Nex:t T is cttaired from eguaticn
(71131) and I from she ratis of T te T/I. These results are

z
< . & o i
g-vern In Table ZI. .
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.‘.Ea..:.. -
Tre % cf the present uringlyses mede guerterly
recuired for e 50% probetility of detecting the
gseimiesion of 1% ¢f the MFBE when different
frpoticns of tne group are sampled rendomly.
3 T/I I(ceys) ¥ (Z)
2.0 .530 100 cl
ez B33 Go ci
£ L2232 80 g1
7 R TC g1
.2 £z3 o) ¢l
S Z.CC 50 gl
.- 1.Ll7 2L 103
.z I.B%2 2€ 207
.2 .17 16 113
.2 £.5%z £ 120
£ similer comperiscr is elsc made between the progran
for the annual group ani cne which wculd provide a 95%
prcbability of deteciirg <he assimiletion of 5% of a MPEB.
This 1s givern In Tetle ZI”. "~
TASLE IZII
The & ¢of the present urinalyses maae annually
required fcr e S5% probatbility of detecting the
gssiciiesicr. of 5% of the MPEB when different
frecitiocns of the group are sampled randomly.
T T/z I(davs) ¥ (%)
i.° .953% L3 85
.G 1,855 263 125
.8 1.3938 211 138
.7 2.635 155 165
.6 3.365 122 180

= wm

Lo

f0b8UGI

3=

I~
Q
(&)

un
.
m
\Q0
n

e8]

1~
1=
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Tatlie shows that the fraction of the group sampled
each time can be'c"“ in half if the interval between sampling
is alsc reduced frcm 100 days tc 50 days with no increase in
the bioassay laboratcry work load. (Wnile there is no
increase in the work load, there is also no reduction caused
by decreasing F. Therefore ccnsideration based on psycho-
logical and administrative reasons should be given to
Sampling all members of a group after each interval.) A
similar plateau is not seen in the level of Table III. Thus,
all employees in this group shculd te sampled every 431 days
to reduce the work lcad. Both tables 1llustrate that the
work load cf a bioassay laboratory can be reduced by
judicicusly redef;ﬁlng_the desired coverage.

l_l

SUMMARY

The above derivations and examples provide‘methods for

exrressing the cuvnrage effcrded by any bioassay sample
collecticn program. The probabilistic method is not
restricted to plutcnium, but has general applicability to
all sampling procedures. Changes in the interval between
rinalyses cr the fracticn cf the group sampled can be
related to the wcrk lcad of the laberatory and, with some
‘knowledge of the metetolism cf the radionuclide, to thre
prctability ol cetecting an assimilation, Sample collection
programs can now os compared, appraised, or tailor-made
to meet desired specification of economy of cperatlion,
cliegn

procability of dete y, and level of assimilation.

- v s~
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AN AGE-DEPENDENT MODEL

FOR THE BODILY RETENTION OF CESIUM*

H. L. Fisher, Jr.,** and W. S. Snyder
Health Physics Division
Ock Ridge National Laboratory
Ocak Ridge, Tennessee

Abstract

After an intake of cesium, this element is elimincted over o period of time.

It has been found by Richmond et al. that a one-or two-exponential retention
function is usually sufficient to fit the observed data. This retention model

is valid for adults and children, but the elimination rates are different in each
case. In this report o mathemotical compartment model is proposed which
allows compartment size or growth to be included naturally. This model is
applied to the retention of cesium=137 by humans from birth through adult

life. The biclogical helf-times predicted with this model are compared to
experimental values with favorable results although there is still much variation
of the observed half-times within an age group. The implications of this model
in regard to dose from single and continuous intakes are examined. -

‘The retention of radioelements by humans was initially determined for the adult since
the protection of radiation werkers wos ¢ problem of paramount importance. Dato from ac-
cident cases as well as from pianned experiments had also accumulated for the adult more
than for individuals of other ages. However, as dotc accumulated, it was apparent that the
retention pattern of a radicelement might vary greatly with age. This appears to be the case
for cesium. It is the purpose of this paper to present one theoretical, age-dependent, com-
partmental model and apply it to the retention of cesium.

Richmond _e_t_g_l;._(]) used o two-exponential retention function to fit the observed
retention of cesium=-137 by normal adult males for a period of 550 days after a single oral
intake. Except for the first 10 days after intake, the second exponential is dominant, con-
tributing more than 99% to the total ared under the retention function. Therefore, for
purposes of dose estimation, or equilibrium level estimation in the adult, the retention of
cesium may be considered to be given by a single exponential.

- .
Research sponsored by the U. S. Atomic Energy Commission under contract with

Union Carbide Corporation.

* %
On loan from the U. S. Public Health Service.
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It is well known thet a single compartment with an elimination rate that is propx
tional to its contents is described by Eg. 1:

£ AW = AR a
- dt
where A(t) is the amount of material in the compartment and A is the decay constan
This equation has a single exponential as its solution. The retention of cesium by the ac
apparently may be considered to be retained in a single homogeneous compartment and
eliminated in the manner just described.

To introduce the oge dependence into the retention function, consider a single ¢
partment with a definite size or volume. Let the size of this compartment vary with time
however. In order to write a differential equation governing the kinetics of this compar
it is necessary to make one assumption. Let us assume that the rate of change of c quant
of material introduced into the compartment is proportional to the concentration of the

 material in the compartment. The kinetic equation is then

I10b8UqyYy

&AM = -m gl @

where A(t) is the oamount of matericl in the compartment, W(t) is the volume of the co
partment, and m is the constant of proportionality.

There is now the practicel problem of determining what should be used as @ measy
of compartment size. Many different measures might be provosed; examples of some of ti
might be weight, muscle mass, body water, or potassium content. Since cesium is rather
unifermly distributed throughout the body, let us take body mass to be a measure of comp
‘ment size for cesium. This is not to say that mass has physiological significance in cesiun
retention. Whet should be inferred is that the true compartmental volume for cesium is
assumed to be proporticnal to body mass.

Although Eq. (2) may be applied directly, there is a simplification that can be me¢
for 137Cs retention. If at time t, the change in the compartmental helf-life with time is
small compared to this half-life, the compartment may be considered to have a constant h
life for material introduced into the compartment at time t. . Therefore,

W(t) In 2 -
T = (fzn : (3)

After this simplificction, it follows that for a single intoke ot any time, the elimination is
exponential with a half-life determinable frem the volume of the compartment at that time

If W(t) is o known function, then after determining the proportionality constant, r
the time dependence of the compartmental half-life will be determined. The constant, m,

DOE/HQ

175



determined by using the experlme'\fully “derermined biological half-life for cesium in the
“adult maie and his body mess

The adult values fer body weight and half-iife of cesium are used since they have
been the topic of many more experiments and are known more precisely. The mess of the
adult male is taken to be 70 kg. Although there is a wide range of biologicol half=times
reported in the literature for cesium in adult males, a representative value of 100 days has

been chosen. Having determined m from Eqg. 2, fhe relationship between biological half—
life for cesium and body mass is given by

T () = 1.43W(). | (4)

This equation was not derived by considering individuals but was determined for the
average of populations of various body masses. The equation should only be used to determine
the average biological half-iife of o group of grossly normal individuals. Such parameters
as percent body fat, environmental temperature, or work activity may greatly influence the
biological half-life. However, c group of people of the same age chosen randomly should
have an average biological half-life for cesium given by Eq. (4).

The growth curve for body mass from infancy to adulthood is given in Fig. 1. The
~urve for males is that given by Mitche!l;(2) the one for females is taken from reference 3.
sing these curves, the biologicci heif-life for cesium was determined.

In Fig. 2 is o comparison of the biological half-life of cesium predicted by the model
with some experimental results. The model predicts a cesium biological half-life for the
newborn of about 5 days. From this value it increases to the assumed value of 100 days for
the adult. Boni{4) has determined the cesiura biological half-life of humans from 5 years of
age through adulthood. His method is one in which the body burden of fallout cesium-137
as well as the urinary excretion is determined. From the single exponential model and
assuming equilibrium conditions, the biological half-life may be determined. For the adult
values determined in this way, the range of values about the mean is £ 50%. The model
given here predicts @ half-life about twice as large as Boni's results in the 5-to-10-year-
age group. However, McGraw(d) has surveyed the |iterature and given a representative
curve for the average half-life. His curve is quite close to the model in the 5-to-10-year-
age group. It should be pointed out that the variation of the experimental values about
McGraw's curve is quite large.

By applying Eq. (4) ond using the body weight for females, the half-life of cesium *
in females was determined and is given in Fig. 3. Boni also has measured the biological ‘
half-life of cesium in females. As shown, the model predicts a half-life for females of
about twice that observed by Boni.

Using measurements of stable cesium in tissue, the daily intake of cesium, and the
ngle exponential model under equilibrium conditions, Snyder and Cook have produced

1068495 e ~ DOE/HQ



.
0 MALES
60k
FEMALES
50—
)
=
L-4
& 4Cr
(&)
(=}
-
=
T 0o~
z .
o
3
20
1or AVERAGE BODY WEIGHT OF MALES AND FEMALES
o} ! }
o) 5 10 15 20 25
AGE (YEARS)
Figure 1,
16C :
BIOLOGICAL HALF LIFE OF CESIUM-137 IN MALES
(-]
140k °
i .
2 126~ ..,: o °
[ 4
3 > =" 4 ° -
o look -
w
v sof
.4
z @ —— = McCRAW, TF.
-t ° [-)
g eo 3, P {LITERATURE VALUES)
g & ° - (BOTH SEXES) .
§ 40 o—BONI ,A.L.
& {INDIVIDUALS)
20 —— MODEL
0. . , .
0 10 20 30 40 SO 60 70 30 90
AGE ( YEARS)
Figure 2.
I0bBY4Y9b 177

DOE/HQ



©
o
T

\

®
O

—==McCRAW, T.F. )
. (LITERATURE VALUES)

BIOLOGICAL HALF LITE (DAYS)
]
Q

‘s, {BOTH SEXES)
40 . ®—BONI,A.L.
{INDIVIDUALS)
20 ~— MODEL

' f ' ' | ] I ]
o] 10 20 3C 40 50 60 70 80 90

AGE(YEARS)

Figure 3.

estimates of the biological half-life with age which are given in Fig. 4. During the first
5 years, the agreement of the model with their values is good. There is agreement for the
adult values also; however, the model gives somewhat higher values during the adolescent

period.

In this paper we have examine< a conceptually, very simple, age-dependent, com-
partmental model. Application of the model to cesium retention has not been any more

successful nor less successful than prior models. It has not explained variation of the bio-

iogical half-life within an age group. Other parameters besides age are evidently important.
However, the mode! has been derived theoretically with few assumptions, and there is only
one arbitrary constant to be cetermined. The model is capable of accounting for a large

part of the variation in half-lives between the various age groups.

If individuals of various ages take in 1 uCi of cesium=137, the total dose delivered
to the body of each has been calculated and is given in Table 1. The total dose is directly
proportional to half-life and inversely proportional to body mass. By the model, half-life
and mass are proportional. Therefore, total dose is independent of half-life or body mass.
This is true when 100% of the emitted energy is absorbed. Beta dose is an example. The
fraction of the gamma energy absorbed by the infant is slightly less than half that of the
adult as will be shown later. Therefore, we see the'model predicts that for identical single
intakes of cesium=137, the infant will receive a beta-plus-gamma total dose of about 75% -
that of the aduit.

The dose delivered from an internal body burden of cesium=137 will now be con-
sidered. Given a unit source of cesium=137 in the body of man, what is the dose rate at
various positions in his body? Since it is relatively easy to defermme the beta dose rate,

"2t us dispose of this part before we examine the gomma-dose=rate problem. In Fig. 5 is
own the radiologiccl decay scheme of cesium=-137. The ranges of both the emitted beta

1068497 178
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VARIATION OF THE BIOLOGICAL HALF LIFE OF CESIUM
WITH AGE :
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particles and the electren cre less than 0.6 cm in tissue. Since this range is small comparec
to the dimensions cf the bedy, we will assume, as is usually done, that the entire kinetic
energy of these pcrticies is absorbed locally. The surface skin is an exception however.

TOTAL DOSE DELIVERED TO THE BCDY

FROM A SINGLE INTAKE OF ''cs
Bera Plus

Age Beto Dose . Gomma Dose Gamma Dose
lyr} (prads pCi) (uraa/pCi (wred/uCi)

¢ T o280 1040 3720

| 2680 1450 4130

5 2680 1650 4 4320

10 2680 1900 4580

15 2680 2140 4820
20 2680 ' 2290 5070
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Using an effective energy of 0.26 Mev/dis for the betas and the electron, a dose rate of
550 wrads/hr results from @ 137Cs concentration in the body of 1 uCi/kg. If o uniform dis-
tribution of cesium=137 in the body is assumed, every part of the body except the surface
will be receiving a beta dose rate of 550 prads/hr for each pCi/kg concentration of cesium=
137. The surface will receive about one-half of the dose rate. By way of comparison, the
total-body gamma dose rate for the adult is about 580 wrods/hr per pCi’kg as we shall see
later. ‘

The problem of determining the gamma dose rate delivered to the body is not as easily
resolved, because the mean range in tissue of the 0.662-Mev gamma photon is 12 ecm. This
lue is not small compared to the dimensions of the body, so we have the problem of deter-
/inirig the amount of energy that escapes from the body or, conversely, the amount that is-
absorbed. The theory of gamma photon interaction with matter has been known for some time.
However, to apply this theory to other than thin slabs and simple geometrical shapes involves
elaborate mathematical caleulations. Understandably, previous attempts at estimating the
gamma dose rate usually have not relied on this well-developed theory but have instead
employed simplifying assumptions for the purpose of performing the calculations. One such
method uses the effective radius concept of the ICRP. (6) The body or organ is assumed to
be a sphere of tissue of a given rodius with the entire organ burden located at its center.

A first-collision calculation of dose to this sphere of tissue is then effected. This method
conservatively estimates the gamma dose to the body from cesium~137 to be about twice as
high as has been found in this report.

Through the use of the high-speed digital computer, it has become practical to apply
the well-developed theory of gomma photon interaction with matter and dispense with many
simplifying assumptions. However, we still need to specify the shape of the human body.
In Fig. & is shown the type of phantom and coordinate system we have chosen. The head
and neck are represented by the upper elliptical cylinder; the trunk and arms compose the
elliptical cylinder of the center section; and the legs below the buttocks form the elliptical
cone of the phantom. This form of the phantom is the same for all ages. Only the heights
and oxes of the elliptical cylinders and elliptical cone are varied to provide o phantom
approximating the body size of grossly normal individuals ranging in age from infancy to

dulthood. For this problem, six phantoms representing body sizes of human males of ages
., 1,5, 10, 15 and 20 years were constructed. The weights and dimensions completely

| - N R
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PHANTOM DIMENSIONS AND DOSE REGIONS -

Age Waight H, Hy Mo, A ) 'a] A, I
{ym) (kg) (em) _ (em) _ {em)  (em) (em) lem)  (em) {em)
) 3.473 23 13 15 20 5.5 s 4.5 s
1 10,17} 3 i 27 s .8 7 6.5 7
[ 19. 454 45 20 4% 7.5 1 7.5 65 7.5
10 3,902 LVR & 8o " 8 6.5 ]
5 s4.041 &5 23 7 97.5 18 ? 7 9
20 70.037 0 4 0 10 20 10 7 10

Figure 6.

specifying the phantoms are given in Fig. 6. These dimensions were chosen after considering
data on body weight, length, brecdth, and circumference of body parts obtained from the
Biological Handbock by Aitman.!/) Reference matericl also was obtained from the phantom
constructed by Hayes and Brucer. 8) Data on the relative volyme of body parts were obtained
from "Growth of Man™ in Tabulce Biologicae by Krogman.(?

As shown in Fig. 6 the phantom was divided into over a hundred subregions in which
the dose rate was determined. There are four layers in the legs in which the dose rote was
calculated. There were usually five layers in the trunk section. However, in phantoms for
ages 0, 1, and § years, the trunk was divided into three, three, and four layers, respectively,
in order to obtain a reasoncbly accurate estimate of dose rate in each. Inside the trunk the
layers are further subdivided into five concentric bands. These bands are further cut by ver-
ticel cross plones to give the final and smallest volume elements in which dose rate was
determined. The head section was sectioned into either two or four layers, depending on
head size. With this subdivision of the phantom, the vertical variation of dose rate could
be determined as well as the side-to=side and front=to-back variations.

A Mcnte-Cerlo-type method of calcularing the dose rate was used. This code is
similor to the one used by Ellett, Cellohan, and Browne”,(’o) out the phantom used here
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different, The gammec-roy-artenuation coefficients for the medium were taken trom

" Grodstein. (11) This method recuires thar the fiight of @ photon is mathematically followed

between interaction sites. Through probabilistic rules, the energy deposition of the photon
at an interention site is recorded. After o large number of such simulated photon histc cies
have been calculated, the average energy deposition per photon in o region is then estimates,
and the dose per photon may be calcuiated. Photons of initial energy 0.662 Mev were
randomly generated uniformly in the phantoms as follows: 80,000 in the phantoms for ages
of 15 and 20 years; 100,000 in the phantoms for ages 1, 5, and 10 years; and 160,000 in
the phantom for the newborn. For each photon the direction of flight was selected randemly.
The flight distance to the first interoction site was determined randomly using the cross sec-
tion of the medium at the energy of the photon. After selecting a new flight direction
emanating from this interaction site prebabilistically from the Klein=Nishina distribution,
the energy deposition ot this site can be determined. The process of photon flight is 1 ow
repeated but with a decreased energy. Let n =1, n, and n+ | be consecutive intur-
action sites for a photen, The mothemctical photon is characterized by eight independent
quantities—x, y, and z, the coordinates of the present interaction site; a and b, the direc-
tion cosines specifying the direction of flight to the next interaction site; L, the length of
the photon's flight path to the nex: interaction site; E, the energy of the photon during its

‘flight; and W, the weight of the choton during its flight. The weight of @ mathematical

photon is the probability the photon exists and takes on all values from zero to 1. It is set
equal to 1 for a photon just startec from the :nurce. However, a real photon ha: o weight
~f either zero or 1 at all times. Supoczse © photon,

Pn-] = P(xn_], Yn=1r Zn=1r Sqoyy br-1 bn-1 En-]' an-]L
is in flight between points n - 1 -2 r. We wish to know the energy deposition at point n
and the location of the point n = 1, which moy be found if we find P, and use it i~ conjunc-
tion with Pr!_]. The coordinates x5, y., and z_ may be found by applying algeb. <ic
geometry using

X

n=1r Yn=1/ Zn=1r Cp-1s bn_], and Ln-]'

The new direction of flight, o ~and b, is determined by using E,-) and the Klein=Nishina
gamn '+ photon scattering distribution. The new energy E, is calculated from the angle of

scatier, which involves a b o,, ond b,. Length L is calculated as follows:

n=+ Ya=1r “n¢

[y

where oE,) is the attenuation cross section of the medium and N is o random number chosen

wniformly on 0 S N £ 1. The weight W_ is given by
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W= W, o (Ep)

n n-l —
o (En)

where o (E ) is the cross section for the Compton process. The energy deposition at point 1
is

r °p(En -1
Wn-lL G(EN‘]) n=1

, oc (En = 1) osp (En = 1) .
+ FIGENE (En_] ‘(En -1 " En) + —EP—-———U (En-]) (En -1 -2 e) e

where o (En), ch(En), and °pp(En) are the cross sections for the photoelectric, Compton,
and pair production processes, respectively, and e is the rest mass of an electron in energy
units. The total flight history of a photon may end in one of three ways. It may end by
escaping from the phantom, or when its energy falls below 2 kev, or when its weight falls
below 1075. | :

Let us look briefly at the restrictions of this method as we are using it. Other than
the obvious inaccuracies that the shope of the phantoms only roughly approximates the shape
of the human body and that the phantom remains in a fixed standing position and is in free
space from which no backscatter occurs, there is one restriction that should be emphasized.
This phantom is homogeneous throughout. There is no low density and low cross-sectional
area for the lungs, nor is there o high density and modified cross—sectional area for bone.
To take these into account would involve a rewriting of the entire code. Although the resul
obtained with the constant-density phantom will need to be refined in the future, the results
presented here are an improvement over past ones.

In Fig. 7 is a graph of the total-body gamma dose rate vs. age from a 137¢s source
uniformly distributed in the phantoms. The units of the ordinate are in dose rate (prads/hr)
per unit activity concentration in the body (pCi/kg). Dose rctes for the different phantoms
are given per unit concentration of activity in the phantoms, but one may convert the values
given to other bases of comparison. Throughout this paser we will use the units just de=
scribed. From this graph we see that the total-body dose rate for the infant is slightly less
than one-half that for the adult. This is due to the fact that the 0. 662~Mev gamma rays
have a higher probability of escaping from the infant phantom than from the adult phantom
which is 20 times larger in the total mass. The total-body dose rate for the adult as deter-
mined by this Monte Carlo calculation is about one~half that obtained by an ICRP effective
radius calculation. At this point let us refer to the gamma=-plus~beta dose rate. The total
dose rate from cesium-137 may be obtained by adding 550 to the values given on this graph
or on any succeeding dose rate graph for a uniformly distributed source presented in this
report. This is true for all of the phantoms.
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Figure 7.

Since a Monte Cearlo computation is an involved and time-consuming procedure, it
is more efficient to store the results of the calculation for application to other problems.
The results have been stored in three modes—graphically, in tables, and in approximating
>rmuiacs. Asseen in the graph, the gamma dose rate vs. oge has been approximated by
~o linear functions. There is no theoretical significance to these approximating functions.
They are used cs a convenient means of storing the data simply and for retrieving them
‘within a certain range of error.

_ To show the variation of dose within the phantoms, we have chosen the results for

the infant and adult phantoms only. Results for the other phantoms are similar to these twe.
We shall examine results from the adult phantom first. In Fig. 8 is a groph of the average
dose rate in horizontal layers from head to foot of the phantom. The error bars on the Moutz
Carlo points are one standard deviation due ‘o the statistical variability involved in Monte
Carlo calculations. We note particularly that the average dose rate along the trurl. is nearly
constant and is about 15% greater than the average dose rate for the total body. The top of
the head and bottom of the feet receive the lowest dose rate, being about a factor of 3 below
“the trunk average. The Monte Carlo points above those for the layer average are the dose
rates along the vertical axis of the trunk. At this location, in the interior, are found the
highest dose rates in the body. These are higher than the layer average by about 30%.

Let us examine the approximate gonodal gamma dose rates. The ovaries, which would be -
located near the vertical axis of the trunk, receive this central dose rate. The testes rec.ive
a dose rate that is approximately that of the trunk average. As a point of perspective, t..e
vertical distribution of gamma dose rate in the infant has been plotted on this same graph.

The variation of dose rate from the center of the trunk to its surface for the adult

shantom is given in Fig. §. Because little variation in dose rate exists among the layers
£ the trunk, we may average the values from all layers to obtain better statistics. This
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was done, and the two curves seen here are the dose rates from the center to the front sur-
face and from the center to the side surface. Of course, the dose rate from center to back
is identical with the center to front dose rate and has been included. Similar remarks apply
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the variation of dose from left to right. From the Monte Carlo estimates, it was noted
.nat the dose rate at the front surface was not very different from that at the side surface.
Considering that the trunk is elliptical and twice as wide as it is thick, this result was.a
little surprising. The other phantoms are not as highly elliptical, and this result is valid

_for them also. The dose rate ot the surface is about one-half the central dose rate.

In Fig. 10 is shown the vertical variation of dose rate in the infant phantom. It
cppears that the relative changes observed from head to foot are about the same as for the
adult phantom. However, the entire graph is located at a lower dose rate than the one for
the adult. The variation of dose rate from center to surface of the infant phantom is given
in Fig. 11. Since the infant trunk is nearly cylindrical, being only 1 ¢cm wider than it is
thick, there is practically no difference in the center to front ond center to side dota.
Again, the surface dose rate is about one~-half the central dose rate.

Results from the other four phantoms are similar to the ones already shown. Results
from all phantoms are shown in Fig. 12; also shown here is the normalized dose rate for each
phantom. Zero on the abscissa is the center axis of the trunk, while the value 1 is the sur=
face. To normalize the dose rate for a phantom, we divide by the total-body dose rate for
that phcnfom It may be observed that the variation of dose rates among the phantoms is
about 10% after normalization in the manner described. '

The equations approx imating the datc you have seen in the preceding grophs are tools
at allow one to retrieve with sufficient accuracy the results found by the Monte Carlo
method. All of these equations are given compactly in Table 2. The first function relates
age to total-body gamma dose rate; the second function permits calculation of the average
gamma dose rate from foot to head of the phantom; and the third function gives the gamma
dose rate at any position inside the trunk. Functions 4 and 5 are derivable from 3, while
function 6 is the beta dose rate.
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Let us now consider a nonuniform distribution of cesium=137 in the phantom. It has
been found by Yamcgata(12) that the cesium concentration of muscle is about twice that of
other soft tissues, the latter being fairly uniform. To simulate this distribution in the adult
ohantom, the volume of the ieg section and about one-half of the trunk volume nearest the
surface were taken ro represent muscle. The equation sepcrating these volumes is

1068506 ' m7
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In this muscle section the source concentration of cesium=-137 was twice the remaining
sections. -Surprisingly, this distribution of the source did not produce any large change

in the gamma. dose rate anywhere in the body when compared with the uniform distribution
of the same body burden. For example, the total-body dose rate for the nonuniform distri-
bution was 2% less than that for the uniform case, while the dose rate along the central
axis of the trunk for the nonuniform case was 90% of that in the uniform case. However,
the beta dose rate would be twice as large in the muscle as in other soft tissue since all
beta energy was assumed to be absorbed locally.
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METABOLiC>DATA ON INJECTED AND INGESTED 234Th
IN HUMAN BEINGS*

T - F
C.J. Maletskos , A.T. Keane, N.C. Telles , R.D. Evans

Radioactivity Center
Department of Physics
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139.

Abstract

In the course of an experiment to determine the relative
absorption of Ra and Th from the gastrointestinal tract of nor-
mal human beincs, information on the metakolism of soluble
2347Th after intravenous injection, and on the metabolism of
234Th(so4)2 after oral administration has been obtained.

Five elde*;x human subjects, 3 males and 2 females, were
injected intravenously with carrier-free 2347n in isotonic
citrate. Bioassay techniques used in the metabolic studies
include racdiocactivity measurements on blood, urine, and feces,
as well as whole-body <y-ray measurements (chair and scan), and
partial body (upper 20%, including head and arms) measurements
using a new "skull and crossbones" (SXB) position, by means of
which the gastrointestinal tract is shielded with Pb.

whole body retention of Th is ~96% at 1 day, ~94% at 5
days, and ~90% at 2 months, the Th being excreted mainly in

*This work was supported in part by the Division of Bioclogy and
Medicine, USAEC, under contract AT (30-1)-952.

TPresent address: Cancer Research Institute, New England
Deaconess Hospital and Dept. of Legal Medicine, Harvard
Medical School, Boston, Massachusetts.

=FSen"o:: Surgeon, U.S. Public Health Service - on assignment
from Radiation Bio-Effects Program, National Center for Radlolog;c.

Health, Rockville, Maryland.
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the urine. The cumulative urine-to-feces ratio at 5 days is
~12 for males and ~24 for females. The SXB measurements also
indicate a2 sex Gifference, the amount of Th measured in the
upper 20% cf the body for the females being ~1.6 times greater
than that for the males. Total blood retention of Th is

~10% 2t 1 day, ~ 1% at 5 days, and ~0.3% at 10 days.

4 second group of elderly subjects, 3 males and 3_females,
were administered orally gelatin capsules containing 234Th(SO4)2,
24RaSO4 and BaSO; carrier, deposited on 2nS phosphor to simu-

late original Ra dial paints. The same biocassay techniques used
in the metabolic studies after injection of 234Th, which pro-
vided calibration data for the absorption studies, were used

to determine the transport of 2341n across the gut wall. The
average value for fractional 234rh transport is £0. 0003, the
most probable value being 0.0002. 1Individual values range from
0.0001 to 0.0006. Cumulative fecal excretion of 234y is > 98%
of the administered dose for 4 subjects, and >90% for the
remaining 2 subjects, at 4 days. Whole body 7Y measurements
show that cumulative excretion at 8 days is >99.8% for 5 sub-
jects and ~98% for 1 subject. -

. The implications of these findings to the internal dosimetry
. anc¢ radiation protection guides for thorium in man are discussed.

Metabolic Data on Injectec and Ingested 234Th in Human Beings

INTRODUCTION

Information on the metabolism of thorium by human beings is
essentially non-existent. What information is available had
been obtained from studies on human subjects with long term bur-
dens of Thorotrast. The metabolism of this colloidal material
can be considerably different from thorium ion or thorium com-
plex ion and can be inapplicable to the assessment of internal
radiation dose for radiation protection purposes. |

In carrying out an experiment on the relative absorption
of radium and thorium on human subjects (1), it was necessary
to obtain calibration information by injecting human subjects
with thorium. Some of these results are directly applicable
o the metabolism of thorium in human beings. These results,
.long with the results of an experiment on the absorption of
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thbrium, are presented here in a form useful for bicassay needs,
and are the first, to our knowledge, relating to the metabolism

of thorium in man.

For studies in human subjects 2347y is the best choice
since other thorium isotopes have either half-periods which
are too short or have longer half-periods and hence produce a
larger internal radiation dose. An isotope with a half-period
longer than that of 234pn would be desirable for longder term
studies, but this is not possible and there is little choice
in the matter.

MATERIALS AND METEODS

Carrier-free 234Th is prepared by solvent extraction and
ion-exchange techniques from 238U slag (enriched in 2347h) ob-
tained from melts in graphite crucibles. For injection purposes
the Th is converted to citrate at pH 3.5 and prepared in a way
to yield a sterile and pyrogen-free product. For oral adminis-
tration, a mock radium dial paint containing both 2347h and 224Rra
is prepared by an adaptation of a method developed by Stover (2).
The adaptation is concerned with the preparation of a single dose
at one time, and the result is Th (SO4), and RaSO4 carried on '
BaSO, intimately mixed in ZnS phosphor. The dry mock paint is
contained in a gelatin capsule for administration.

tandardization of the 234Th activity is carried out against
spectroscopically pure U;Og by comparing the gamma spectrum from
a 234Th citrate solution and that of a solution of U30g dissolved
in HNO3. The activity of the 238y js calculated from its half-

period of 4.81 x 10%y and its abundance of 99.3% (3). Standardi-

zation of 2347Th in the mock radium dial paint is made by first
stripping the spectrum of mock paint containing only 224Ra from
the mock paint containing both nuclides. The half-period of
2347n getermined during the experiment is consistent with.the
value of 24.1 davs (3).

Figure 1 shows a gamma spectrum of 234rn. The 1.00 Mev
gamma ray gives a better signal to noise ratio than does the
combination of 0.77-1.00 MeV and is used for standardization
purposes” and for several other measurements. The lower energy
gamma rays (64 and ¢3 keV) are useful because of their l0-fold
greater abuncdance even thoucgh greater self-absorption requires
mcre careful exgerimental control.
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Figure 1. Simpl:fiec Decay Scheme and Gamma Spectrum of 234qy,

This spectruT was odtained with an 8" x 4" NaI(Tl)

crystal (resoluiicr = £.5% for 337cs).

The curve shown is a

composite spectru~ with the postion below 200 keV made at a
gain 10 times hicher than the remainder and appropriately

replotted tc show all the details on one figure.

Abundances

and enercies of the carma rays are taken from Bjigrnholm and

Nielser (4).
sacple measurenents.

Body v counting is carried out in

The twc rances shown are used for body and

the controlled background

facility or whole body counter described in the IAEA Directory (5)

under U.S.6.1.
tilting metal chair.
the arc method developed by Evans (6),

Standard chair measurements are made using a
Whole body measurements are also made with

using an arc of 1l.25 meters.

The reproducibility of these two whole-body counting methods is

~2=3%.

Since whole body ©y counting of subjects after oral adminis-

ration of

.inal tract, and since the absorption of

194

1668513

34Th would include the contents of the gastrointes-
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to ke very low, a new partial body counting position was de-
vised. The "skull and crossbones" (SXB) method is a body
counting technigue by which measurements of body burden are

made from the unshielded upper (~ 20-25%) part of the body,
while the G.I. tract and the lower part of the body are shielded
from the detector. Thus, the effects of variable distribution
of 2347h in the body are minimized by measuring as much of the.
body as possible while adequately excluding the G.I. tract.

Figure 2 illustrates the subject-detector configuration
in the SXB position. The subject sits on an adjustable chair
and is pushed forward so that the chest is against the Pb shield,
which consists of a 12" x 12" X 12" stack of bricks, an additional
layer of two bricks (8" x 8" x 2") and second layer of one brick.
The subject's arms embrace the 8" x 8" layer, with the chin '
resting on the top brick. A positioning guide (block of styro-
foam 2.5 in. thick) attached to the crystal serves to maintain a
fixed dlstance from the crystal face to the naSLOn.

The sensitivity and reproducibility of the method were
checked using human subjects (Ra dial painters, Radithor drinkers,
etc.) whose Ra and Th body burdens were measured with the chair
and/or arc method. The results indicate that the effects of
repositioning are sufificiently small to be considered insignifi-
cant, and that the efficiency for determination of body burden
is comparakle to that of the standard chair position.

Phantom studies indicated that a residual 1 ucCi 234Th in
the G.I. tract would not be interpreted as a significant body
burden, and also indicated that the measurement of an expected
transport of ;0'4 across the gut wall would require the oral
administration of at least 100 pCi 234Th. SXB measurements
using the 64 and 93 keVv 234Th v rays (49-116 keV) are denoted
by the code "L8SXB", while those using the 1.0 MeV 434Mpa « ray
(0.9-1.1 MeV) are denoted by the code "H8SXB".

Scan measurements are macde with the subject lying supine
Oor prone on a table 30 cm. below the face of the crystal. The
crystal is tracked at a constant rate over a distance of 75 in.
along the midline of the subject's body. Since the counting
rates are low live-time control of the scan is not necessary and
the counting rate is determined rrom the total counts divided by
the counting period. :

Twenty~four hour urine and feces samples are collected in
incdividual 2 liter polvethvlene bottles, rreserved with HNO3,
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FPigure 2. Illustration of a Subject in the ®"Skull and Cross-
bones"” (SXB) Position.

The photograph shows a subject seated at the 5XB
assenmbly within the whole-body counter. The lead shield is
supported¢ orn an angle-iron dolly which permits the whole
structure to de moved in ané out of the room. The 8" x 4*
crystal 1s mounted on a crystal tracking assembly which allows
the positioning of this crystal anywhere within the room. The
whole body counter roorm is lined with lead., The ceiling, in
addition, 15 lined with copper and tin. The shield behind the
chair con&ists of copper and tin and this, in addition to the
copper and tin which is mounted on the top surfaces of the lead
shield, constitutes the shield for reducing the lead fluorescent
x-ray contributicrn to the crystal without having to line the
whole rooz with these two elements. The subject sits on a
chair, used by draftsmen, which is adjustable in height and has
a foar seat anc backrest. The subject is pushed forward so
that the chest 15 up acainst the lead shield, the subject's chin
restingc on the top lead brick and the arms surrounding the shield.
The distance be:ween the subject's head and the crystal is con-
trolled by a block of styrofoam 2.5 in. thick placed between then.

and made to volume. The gamma.activit§ of these samples is
compared to that of standard solutions of the same volume.

Blood samples are drawn in heparinized plastic disposable
syringes. Aliguots are dried in porcelain crucibles and ashed,
the Fe in blood acting as a carrier for the 2347n. fThe ash is
*.aken up in HNOj, transferred to planchets and counted in a low

ackground proportional flow counter.

196
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Control samples were obtained from each subject and control
‘measurements were made on the subjects prlor to the start of the
experiment. :

Healtny male anc female subjects, ranging in age from 63
to 83 years, volunteered for the experiment. All underwent a
complete history and physical examination, and were required to
be free from any renal or G.I. disease, any endocrine or meta-
bolic disease, any serious recent illness, any skeletal dis-
orders, or unusual dietary or bowel habits. Clinical labora-
‘tory studies were conducted and x-rays of the long bones and
skull were taken. The subjects participated either in the
injection or ingestion studies, but no individual was used in
both. During the experiment the subjects were housed for the
collection of excretion samples and a trained nurse was in
attendance to insure that no inadvertent contamination occurred
during the collecticn of excretion samples.

Injection of 234y citrate is made in an antecubital vein.
The activity administered is determined by measurements on the
syringe contents kefore and after administration. Oral
administration of 23%rh and 224Ra mock radium dial paint is
made by swallowing the gelatin capsule, using water in several
Steps, to insure that the capsule enters the stomach. The entry

is verified with a survey meter.

Table I shows some of the physical characteristics and the
cdose schedule for each subject. "

RESULTS

The calibration factors (net cpm/uCi retained) for the chair
HESXB, and L8SXB positions are shown in Fig. 3. The retained bod
burden is calculated from excretion data.

The chair calibration shows a decrease of ~20% over the
first two days then remains constant at (60 + 3%) cpm/uCi retaine
over the 24 day observation period, with no significant differenec.
between males and females. 1In contrast to the chair results, the-
calibration for the H8SXB position shows a 10-30% increase during
the first dav. The calibration factors for the H8SXB and L8SXB
positions show a difference between the sexes, with the females
having the higher values. For the HS3SXB position, the average
value for the females is (80 + 3%) cpm/uCi, and for the males
(30 + 4%%) cpm/uCi. The respective values for the L8SXB position
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Terle I. Dose Scneduie anc Paysical
Cnezracterisiics cf Human Sucjeces

TV 2.87 7C 17¢ 64.9

~IvF: 1.1¢ 75 164 69.0
TIVF: 3.05 73 14% 56.E
TRPON: g5.¢ 62 165 65.4
TRPOMS 142 63 ItH 79.9
TRPOM? 2z 75 159 6u.8
TRRrL 247 72 163 76.5
TRPOFI 272 -p4 14¢c 55.3
TRPOFS 203 77 145 1.3

Sub>est Coce: TIV = "".‘.-. intTavenous; TRPL = 22"'R-on"r‘n orai;

M = Male; F = Pemale.

-

are (1150 + 3%) and (720 + 5%) cpm/pCi. However, since the ratio
L8SXB/HBSXB is ~15 for both males and females after t = 1 day,

it is concluded that 234Th anc 23%pa are present in the same ratio
n both males and females, at least in the upper 20-25% of the
body. :

No reason is known for the apparent difference in distribu-
tion of 23%Th between males and females, a differerice which might
be expected to manifest itself n the chair measurements, but
which does not. Arc measurements made with Pb bricks shielding
the body from just above the sternum to the hips, and conducted
to determine whether a significant excess of 234Th was present
in the liver, indicate no excess in this region (average counting
rate with shield is 75% of counting rate without shield) with no
significant difference between males and females.

The excretion data are given in Table II. The total excretion
of 5-6% in 5 -days indicates that the excretion of 2347h is low.
The excretion is predominantly by the urinary route as shown by
the high cumulative urine to feces ratio of ~12 for males and
~24 for females. The two values in this ratio become a second
point of :differéence between the sexes but it is not known whether
this difference is related to the sex difference.,observed in the
SXB calibration. The daily urinary excretion of 234mh is not

:wroportional to the amount of 2347h in the blood, as shown in
ig. 5. The curves appear to meet at the end of the experimental
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Figure 3. Calibration for Chair and "Skull and Crossbones”
{SXB) Positicns Following Intravenous Administration
of :34'!'};

The calibration measurements were carried out over a
24-day period until the excretion measurements were stopped. The
retained Th i1s calcualated as the difference between the amount
admiristered and that cumulatively excreted up to the particular
time indicatred. After the first S days only urine was coilected
per:odically since the excretion in the feces was negligible.

The sex differences for the SX3 measurements are discussed in
the texz,

~0O
~0
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zion of “347h Foliowing
encus Inrection

<"

am . Urine
. Feces

curuiative
Excrezion
Dose)

Tire hite:

In<estion

Saooes “~ 0% In.
T3 4 .03 1l.6
5 £.5¢ 12.2
e 4 €.18 12.1
5 6.43 12.7
TIVME 4 4.5z ) 13.2
H 4.E) 12.4
TIVF < 5.6C 27
H 5.5 23.5
TIVE: < 5.0¢ .4
B 6.3€ t.e

period, but whether they continue parallel to each other or cross
is unknown at this time. Whether the reason for this non-
proportionality is due tc an increase in the Th plasma clearance
with time or to an exchance of Th between plasma and red cells or

to other factors is alsc unknown at this time. .

The retention results are given in Fig. 4. The results are
a composite of excretion measurements and of measurements made
The retention drops to
~93% at 20 ¢ and then chances very slowly through the 100-day

with the chair and L8SYR pcsitions.

observation periodg.

Efforts to calculate the long-term disap-

Pearance rate are shown in Table III as sums of exponential terms

Tab.ie IZI.

-t -»
A R, =c,e ‘s o.e
-+ - -
&y 2 ll +c o, 2z AP syt ¢©
la  0.061 0.630  0.93% 2.07 » 1074 -
#0.005  #0.120  +0.00%  +1.6% x'10~%
1o 0.0%¢ 0.628 _ 0.931 4.5. x 1074 -
+0.005 #0.127  +0.00% +i.80 x 1c7%

22 0.026 2.0 0.047 0.212 0.927
+0.005 4.0 +0.005  +0.061 +0.005
2b  0.0245 3.0 0.0465  0.232 0.928
+0.0067  +3.1 40.0064  +0.0E5 +0.002
E R, = G.o6 ¢ 0015 ¢ )

Al deta caiculated with P.N. Dear a: Los Alamos Scientific Laporacory.

5 x 1075 _

+12 x 107°

Parareters I:r Th Retention after I.V. Administration

Constraints
on least Squares
Computer Fit

4-parameter modcli
B l-noy

4-parameter model
data for subject
TIVFZ not used

6~parameter model
c) = (l-gz-a3)
Ay £3.0

S-paraneter rodel

a; = (l-og~a3)
3.0

o}

>
[
" A

Graphical Analysis

Long-Term
Half Pperiod
(yrs.)

9.2 4+ 7.3

4.2 + 1.7

38 + 92

Ry = 0.83
at 40 yrs.

Al data calculated by D. A. Gardiner, W. J. Blot, anc S. R. Bernard at Oak Ridoe National laboratory.
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Figure 4. Retention of Intravenously Administered 234qp,

The points indicate individual values without sub-
ject designation. The line represents a weighted average of
measurements around selected days. Results up to t = ~20 d
are based on excretion, from t m ~20-60 d on chair and LSSXR
measurements; the remaining values are based solely on LB8SXB
measurements. All subjects do not necessarily appear at a
parzicular tinme and occasionally two values (chair and L8SXB)
appear for the sajme subject. The calculations for Tabie IIl
taxe these factors into proper account. The variations in the
data are consistent with the standard deviations of each mea-
surementz,

anc as a power Iunction. While it is difficult to determine
accurately a long half-period from a short-term experiment, the
best indication from the present results is that the half-perlod
is probably > 5 years.

Figure 5 shows the results cn the blood measurements ex-
pressed as a percentage of the administered dose in the esti-
mated whole blood volume, there being no convenient way to ex- -
Press a thorium specific activity. The blood activity is ~10%
at 1 day and ~0.3% at 10 days. For comparative- gurposes, the
shape of the 234Th blood curve is similar to the 224 Ra blood
curve in human beings (1), but the absolute levels of 234ph in
blood are about 10 times higher.

The scan data, plotted as net czm/uCi retained 10 days after
acministration against the subject's weight (kg) to height (cm)
atio, are shown in Fig. 6. The results indicate ‘that the
activity of the prone scan is ~15% greater than that of the
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Faigure 5. ¢
Intravenous Administration.

Errers in the Llood values are +30-40% at t = 10 d
anc increase to > ~l100% at t = 24 d, The daily urine excre-
tion results are inciuded in the figure for comparison to the
oloo€ resulis. Errors £or the urine data are consistent with
the variations between sutjec:s.

supine, perhaps due to 23%Th deposition in the skeleton.

Both

scan measurements are somewhat less sensitive than the chair
measurements, but, in contrast to the chair results, both are

essentially independent of the subject's thickness.

The l.25-meter arc measurements were made on the subjects at
t = 6h, 2d, and 4d. The ratio of body burden determined by the
" arc measurement to that determined from excretion results shows
an unexplained trend with time, averaging 0.87 + 0.05 at 6h,
1.08 + 0.05 at 2d, and 1.16 + 0.06 at 4d. Redistribution of the
2347h in the body with time is not a likely explanation since
the arc method is quite accurate even for a highly non-uniform
"istribution such as 224Ra activity contained in a subject's

tomach (1). The grand average of the above results is
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Figure 5. <~ %7y Bedy Scan and Chair Measurements at 10 Days
After Intravencus Administration.

1.04 + 0.05 and the arc method can be used to measure absolute
burdens of Th within +18%,

The results on whole body retenticn ancd excretion, following
oral aéministration of 43%Th in mock radium paint, are shown in
Tabple IV. Essentially all the 2347h is accounted for in the feces
at 4d after administration. Very little activity is observed in

Takie IV. Excretion and Whole Body Retention
cf S24rn at & Days after Orai Administration

Cumuiative Cumulative Whole 3ody
Feces Urine Aetentaon
(% of (% 2f {% of
Subjecs Oral Dose) Oral Dose) Oral Dose}
TRPOML 98.% £0.003 0..8
TRPCMZ 99.3 0.005 i.%
TRPOM2 °8.: 0.001 €0..0
TRPOFL E.2 0.00° .6
TEPIT 95,3 0.00: 3.9
Taplrs 5%.2 C.oC4 3.3
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12 urine indicating that only a small amount of 2347h has
crossed the gut wall. The whole body retention is somewhat
variacle because the intravenous chair calibration is used to
measure 234Th activity moving along the G.I. tract, where most

£ the retained 234rh is located, and because of counting '

" statistics. Considering these conditions, the radiocactive
balance is good.
234 o ' ' '

The “~ "Th which has crossed the gut wall or rather the frac-
tion transported (using the word transport to imply no particular
mechanism) is shown in Table V. Since the amount transported
is so low, three different parameters are used to determine the
transport and to show that inadvertent radioactive contamination
has not taken place. Transport is calculated by comparing the
parameter activity following oral administration to that obtained
after IV administration. Blood, urine and partial body (SXB)
curves from oral experiments will be essentially parallel in
time to those from IV experiments long after the transport pro-
cess is completed. The urine and SXB results in Table V are
determined long enough after the oral administration to be re-
liable. The blood samples were taken soon after the adminis-
“ration in order to get sufficient activity for counting statis-

ics. and these results would be expected to underestimate the
transport, as the data tend to show. Taking all factors into
account the most prcbable value for the transport of 2347h is
0.0002.

Tazle V. FracTicnal Transport Across the Human
Gut of 4347n in Simulated Dial Paint

Paramecers

Body v Meas.

Subject L&SXB Urine Blood
TRPOMY < 6.00C2 < 0.0006 <0.0001
TRPOMZ ' 0.0006 - 0.0609 0.0003
TRPOM3 < 0.0002 ' 0.0003 <€0.0001
TRPOF L 6.000z 0.0002 0.0003
TRPOF:Z < 0.0001 0.0003 0.0002
TREOF4 0.0002 0.0008 0.0001
Averaces - < 0.0002 0.0005 0.0002

Most Probatle Value: C€.0002
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DISCUSSION -

A convenient summary of the results useful for practical b:
assay purposes is shown in Table VI. The gut transport of 107 29
is low. Since the transport of 224Ra in these subjects was
~20%, this would indicate that the ZnS of the mock paint was

1dissolved in the HCl of the stomach and the “insoluble" RaS0y4,

even in the presence of BaSO4, became ionized sufficiently to
allow 20% .to be transported. Since Th(504) > is much more solu~
ble than RaSO,, it may be presumed that the value of 10~ 29 for
the transport of 2547n applies equally to soluble Th as well as
to the supposed "insoluble" Th(S04)2 starting material. It
would appear than that the transport of Th would be low (10'2%)
under most conditions.

Tatle vI. <3%7y Bioassay Parameters for Human Beings

Gut transport low (-10'2%)
I.V. recenticn high (~100%)

Bizlogical Ty, probably >5 y

Wnole blood/whole body = ~ 1/300 (2-20 d)
Urine/feces = ~10(d) to 20 (I)

r Whole

N ’
Bcdy meas. i SX3
Scan

When Th icn cets into the blood stream, the retention of
Th is high ( ~100%) as indicated by the data obtained from the
intraverous administration of 2°4Th. The retained Th has a
long half-period but the best numerical result from these data
is that the half-reriod has a probable value >5 y. The half-
period is long encugh that, for practical purposes, only the
phvsical half-period of 2287Th need be considered in toxicity
studies involving this nuclide.

The whole blood to whole body ratio in the first 20 days
is "constant" at ~1/300 within a factor cf 3, after the first
davy or two. Measurement of the activity in whole blood can
result in a convenient estimate of body burden when other mea-
surements may nct be cossible .during an emergency. Excretion
cf Th f£rom the zody is mainly by the urinary route, making
fecal analyses unnecessarv.
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Body burdens can be measurec using a whole body count. A
partial body (SXB) measurement can result in a determination of
absorbed Th at a sensitivity equal to that of the chair. If
the activity is non-uniformly distributed in the body, such as
being partially or all in the G.I. tract, then a scan measure-
ment can give data which are nearly independent of the distri-
bution and body size and shape and again with a sensitivity al-
most the same as the chair. Finally, the arc measurement can
be used for absolute burden measurements, especially for pur-
poses ©f calibrating whole body counters when the burdens are
large enough for good statistical measurement.

There appears to be a general similarity. in the handling
of thorium by human beings and by other animals such as dogs (7),
rats, rabbits and guinea pigs (8,9), the closest similarity
occurring with dogs. On the other hand, there are enough dif-
ferences between these species so that no 51mple extrapolation
can be made to man.

The present data provide information on the metabolism of
thorium by man but it is clear that more extensive data are
desirable, particularly in establishing the long-term retention

f thorium and the sex-related metabolic differences. From a
Practical standpoint, the gross metabolism of thorium by
human beings currently assumed for the deduction of radiation
protection guides (10) is similar to that indicated by this study.
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Ethical Considerations in Human Experimentation*

G. A. Andrews _

During the past three or four vears scientific journals and popular magazines
have contained an increased number of articles about the ethics of human experi-
-mentation. Most of the writers "point with alarm' expressing concern that investi-
gators, in their zeal, are being careless of the rights of the patient who serves as
an experimental subject. This concern has been precipitated by publicity given to
certain research activities. The Congressional investigators of the drug industry
revealed some serious abuses,  When the experimental injection of cancer cells into
aged patients in a New York charity hospital received widespread condemnation in
print, organized medicine felt the need to go on record as disapproving the method
in which the study was carried out. 1,2 The attention given to this problem has been
greatly accentuated by Dr. Henry K. Beecher, of Harvard Medical School, who has
written extensively about it, 3,4 1n my opinion, Dr. Beecher, like most men aroused
in an intensely emotion-laden mission, has on occasion made misleading and exagger-
ated statements.

Although there is recent emphasis on this problem, it is quite erroneous to suggest,
+S some lay science writers have, that it was largely neglected in the past and that
until recently investigators have given little thought to the ethical aspects of human
experimentation. Furthermore, it is incorrect to assume that, because a publication
of scientific data makes no reference to consent from experimental subjects, such
consent was not obtained.

Nevertheless, it is widelv recognized that a serious problem does now exist and
we may well seek the reasons for it. One is, obviously, the great increase in research
of all types that is now being done and the corresponding increase in possible abuses,
With this has come the growth of institutions and, in some projects staffed by a large
group of physicians, a reduction in personal contacts between the individual physician-
investigator and the patient. With the progress of medicine away from simple trials
of therapy toward a search for basic knowledge, we find that a larger share of the
investigations are concerned with studies not directly related to a practical trial of
therapy; thus the subject may have little to gain directly. There is, or is believed
to be, a growing intensity of competition among investigators, a desire for recog-
nition, and a desire for academic posts that are filled on the basis of research
achievement. Thus we have the opportumty for the investigator to let selfish mterests

*From the Medical Division, Oak Ridge Associated Universities, Inc.,
D2k Ridge, Tennessee, operating under contract with the United
states Atomic Energy Commission.
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predominate over his concern for the experimental subject. Whether or not such a
trend exists, there is no doubt that the public has decreasing faith in the nobility of
motives of physicians, and that patients are showing an increasing tendency to sue
their physicians for malpractice, real or alleged. (Incidentally, except in connectic
with the trials of new drugs, there have been few if any lawsuits against physicians
on the basis of acts performed in the course of clinical experimentation.) Quite
different from the unduly ambitious investigator is the one who with completely un-
selfish motives becomes so fervid in his desire to help mankind that he uses poor
judgement in relation to the risk to the individual patient-subject.

Whatever the reasons and explanations may be, there is no doubt that some
experiments not ethically justifiable have been performed in recent years. Yet, an
unresolved question is, How extensive is this problem? It is a truism that in all
large fields of human endeavor one could, with ¢areful search, find some examples
of unsavory conduct. There is always the danger that a worthwhile activity will be
discredited or destroved because some publicity seeker dramatizes the exceptional,
evil cases and gives the impression that the practices represented are typical. A
balanced assessment of the whole field - ",..on the one hand this is good, while on
the other hand the weaknesses are...'' - never attracts the attention that the muck-
raking approach can yield. ’

No one really knows how much of experimental medicine is open to challenge on
ethical grounds; certainly this cannot be clearly evaluated without more intimate
knowledge of what goes on than can be obtained from the published scientific litera-
ture. Furthermore, to put the findings in perspective one might need to compare
them with some other activities; for example, the ethics of behavior toward patients
of physicians not engaged in research. Lacking the hope of any such informeéd
appraisal we must rely upon opinions. My own is that we are not facing an appalling
situation but that we have a clear need for improvement.

in considering codes of ethics for investigators we need to be conscious of the
various relationships that may exist between the investigator and the person who is
the subject of the experiment. Subjects of experiments may fall in the following
_categories (and possibly others): :

Independent normal volunteer (paid or donating service),

""Volunteer" who is in employ of laboratory, in military service, or in prison,

Self-experimenter,

Patient volunteers -

a) Research directed toward diagnosis or therapy needed by subject,

b) Research directed toward advances in diagnostic or therapeutic
methods in general, or toward basic scientific advancement, un-
likely to be helpful-to the volunteer,

c) Subjects serving as controls,

5. Healthy person taking new preventive matemal (i. e., vaccine) that
may be potentially useful to him, .

6. Tissue donor; research directed toward direct benefit to another

‘person, related or unrelated.

[ I (S ]

This list cleariy shows that ethical aspects of research vary greatly from ex-
periment 1o experiment. No simple set of rules can deal specifically with all
possible situations, but some rather general codes have been presented that give
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seful guidelines. For background, the ancient Hippocratic Oath, and the inter-
esting writings of Claude Bernard, in the middle of the last century, may prove
useiul. Relatively recent, carefully elaborated statements include the Nuremberg
Code (1947)} the Declaration of Helsinki (World Health Organization) 1964,/ and
the statement by the British Medical Research Council, 1964.8 of these, the last
- seems to me the most useful because it attempts to cope in some detail with the
subtleties involved. Beecher? has also stated general principles.

Among the considerations that are important in these codes and in ourAthinl‘:ing
about the subject are the following:

Informed Consent - Great emphasis is placed on the efiort to have the subject
truly understand the meaning of the experimental procedure in which he is to partici-
pate. Those who have dealt with this problem in practice realize that it is an ideal
to be aimed at rather than an objective that can be achieved. Even a relatively simple
experiment may be quite beyond the ability of the average patient to evaluate. Risks
are never known with great accuracy, and the patient often decides on the basis of
some intentional or unintentional signal from the physician he trusts, even if the
experiment is being done by another physician. .

Nevertheless, consent carn be clearly given or refused, and it is important to have
it documented. Whether it will often be really informed consent is another matter.

The Quality and Competence of the Research - The more hazardous the procedure,
-he more important it is that adequate prelimirary work (i.e., animal experiments)
se done, that relevant previous publications are known and considered, and that suit- -
able precautions are taken. The potential value of the research must be thoroughly
.evaluated. Often the participation of 2 group of investigators is needed, as is the
evaluation by independent physicians having no direct interest in the research and
enlisted specifically as the protectors of the patient's welfare.

In our culture the supremazcv of the rights of the individual is much stressed.
Thus we are reminded that we must not take the responsibility of sacrificing, even
to a small extent, one person's rights for the sake of helping many people even to a
great extent. I am in agreement with this principle; I do not always find it easy to
interpret in relation to specific research situations.

While performing a valuable service, those who have sounded the alarm about
improper research practices need to be on guard against making unfair judgements
and impairing research progress. They should remember that hindsight is a danger-
ous thing. For example, five years ago .one could say, with a good deal of experi-
mental data in support, that when cancer cells were taken from one person and
injected into another, genetically different person, they would never survive and pro-
duce clinical malignancy in the recipient. Now there are reports of rare but definite
exceptions to this rule. This new information may tempt us to change our evaluation
of the ethical soundness of some previous research. It has been quite rightly pointed
out, however, that research is either ethical or not at its inception.

Those who establish controls on any human activity often assert repeatedly that

,  ‘hey do not wish or intend to restrict productivity. It should be clear, however, that
denial of intent to restrict research accomplishments does not indeed prevent the
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impairment in productivity that. may result when the fears engendered in administra-
tors lead to new reguiations. One might concede that some restriction on achieve-
ment is a fair price to pay for increased protection to experlmental subjects; if so we
should pay it knowingly.

I have not attempted to even suggest the positive benefits that may accrue to the
person who voiunteers as an experimental subject. This is a topic that deserves
much more attention than it has received in recent publications.

It is worthwhile that we have had our attention directed to the ethics of human
experimentation. The main responsibility for dealing with it should be in the hands of
the investigators, and future standards will depend largely on their integrity and
conscientiousness. Scientific journals can perform a useful service by requiring
that manuscripts indicate the nature of consent obtained from experimental subjects.
It is to be hoped that if scientific administrators feel impelled to react to recent
criticism with increased restrictions, the new rules will be carefully planned so as
not to undulv inhibit good, desirable, ethical research.
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SOME GUIDELINES FOR STUDIES INVOLVING INTERNAL ADMINISTRATION
OF RADIOACTIVE MATERIALS TO HUMAN VOLUNTEERS

Claude W. Sill

Health and Safety Division
U. S. Atomic Energy Commission
Idaho Falls, Idaho

The Health and Safety Laboratory of the U. S. Atomic Energy Commission's
Idaho Operations 0Zfice provides & routine invivo whole body counting program
for the protection of the nearly 6,000 employees at the Nationel Reactor Test-
ing Station in southeastern Idzho. During the five-year period from 1961
through 1965, 7,13% invivo determinations were made. Foreign activity has bee
detected 4,625 times on 2,278 individuals including follow-up measurements mad
on the same individuals when significant exposure has occurred. In all, a tect
of Ll different radionuclides have been detected in humsns, in addition to the
naturally-occurring potassium-40 and cesium-137. Virtually all of the expo-
sures have been received inadvertently during tie routine performance of their
duties. The expcsures have gererally occurred from inhalation of particulate
matter of unknown particle-size distribution under uncertain circumstances.

Of the L,E25 times that foreign radionuclides have been observed in human.
not more than a helif dozern nave involved activities greater than about 1 uc.
In perhaps 95% of the cases, the activity present was less than C.l uc., most
of which was elirinated within a very few deys., Since the marimum permissible
body burden of mcst bela-gazma emittiers is several microcuries or greater for

a

continuous exposure, sucz levels are cf very little physiological significance

to the hesi. As a maiter ¢f fact, to save the time ané expense cf reducing the
r2 either manually or by a computer program, tody turdens

complex gamma specirz e
lewer than avout 0.1 uc. are merely recorded qualitatively es being present and
are not even gQuentified, Yet, in almost every case, because cf the extrene
sensitivi<y of modern instrumentation, we have been able to determine the mode
of excretica frem the body, the effective half-life of the specific nuclide
involved, ané other valuable information from such minute ané physiologically
insignificant quantities of radiocactive materials. This information is of
particular impertance because it has been obtained on actual human veings under
practical ccndéiiicns anéd consequently is much more informative and reallstic
tkan other data of this kind which is usually obtained by exirepclation frem
enimal data. For exarple, cne of the most important pieces of information
derived to date from our routine whole tody counting program has beer the gener
philosophy tkat urinalysis is gressly inadequate as a routine monitorisg tech-
nigue for internal contamination in humans where inhalation cof iasoluble partic
lates is concerned. Since our experience has also indicated tha* inhalasticn of
inscluble particulates is the mest likely source of contamination to be ercoun-
tersd eround crerating reacicrs, rcutine urinealysis has désn abandened in our
lebcratory as a2 monitcring technique except Zor determination of the crgan dose
froz svsteziczlly deposited nuciides cr detecticn ol certain srecific scluble
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£ wziclh are known to be ebsorbved by the tody and excreted in the wrine.
g > nhow much longer we would nave continued using a technique for detec-
tion and assessment of internszl contamination in humens that does not give

i2e rrosvection we had thought 1T instrumernts and technigues for direct measure
pent of gamma-emiiting nuclides on humans had not been develcpecd.

In view of the significant accumulation of very valusble information con-
cerning the metabolic cheracteristics of a large number of radionuclides that
25 beex obtzinesd fror the minute quantities of terials received inadvertently,
deliberate exposure of human volunteers to similar minute quantities of radio-
aciive materiels under conirolled conditions wouléd permit & marked increase in
the rate of eccumulation of such fundamentally important biological data.

" Almost every Gose celculation thet I have ever made, or have heard others
describe, has conteined an spology or e hedge that the validity of the answer
depended on whether or not certain assumptions used in the calculations were
correct. In many cases, those assurptions were guesses at best, or were derived
by extrepolation from anizzl date and their velidity is certainly open to gques-
tion wnen applied 4o humans. Most of the actual human data presently available.
was obteined from evaluaiion of human accidents involving intake of radio-
isotopes. In view of the ext remely rinute quantities of materials required and
the very high sensitivity of modern instirumentation for their detection; why de
we continue to penslize ourselves with half truths and calculations that at
times border on the ridiculious when far better data is availeble for the taking
from direct humen studies without significent harm to the individual volunteer?
Others have alsc pointed cut this need for research programs involving. humens
0 provicde betier éata than is presently available for assessment of the dose
recelved from internally deposited racdionuclides (1). I would like to suggest

& "Principle of Comperebility" that it is both logicel and prudent that we

‘should be willing to place 2% leest &s much at risk to understand the funda-
mentel elfects of internel rediewion on humans as we do routinely in developing
& nucleer tech:olo~v. In other words, exposures that are acceptable for day-to-
day operation of a reacior shculd elso be acceptable for studies to determine
the elfect of internel emiiters in men.

The use of humen subjects in scientific experimentation hes generated much’
controversy concerning the ethics invelved, particularly in the medical profes-
sion. Throughout much of recorded history, men of medicine heve set down princi-
Ples of good conduct to guide them in their relations with their patients. Many
of these precepts epply éirectly to human studies involving radioactivity.

Thougnh by no means the oldest of pagan medical oaths, the oath of Hippocrates is
the best known end the most enduring. Traditional and modernized versions con-
tinue to be used as a profession pledge of ethical behavior. When the American
Medical Associeticn was founded in 1847, it adopted the oath of Hippocrates in
its pagan form. At the seme time, it adopted a code of medical ethics published
in 1803 by the English physician, Thomes Percival. In 1947, the first General
hssembly of the World Medical Association eppointed a committee to draft an
updated wording of the Hippocretic oath., After minor changes, this was adopted
in 1948 et Geneva by the second General Assembly as the "Declaration of Geneve."
After World Wer II, the Nuremberg Code of Ethics in Medical Research was framed
%y & task growp of the American Medical Association to guide the allied military.
ribunal in the prosecution of 23 nezi physicians accused of brutel experiments
on political rrisoners. Tcis code is perhaps the one most frequeaily gquoted vhere

1068533 oA DOE /1



humean experimentation is concerned, Most recently, another code of ethics on
wzich *"*k was started focllowing Werld Wer II was adopted by the Eighteenth
Worlé Medical Assemzly in Jure of 1964 in Helsinki, Finland, as the Declaraticn

{ Helsinki. Accoréing to Dr. Harry S. Gear, Secretary General of the World
Medicel Association, reccmmerncations ir the Declaration of Helsinki "are offere
<0 all medical men and their colleagues in other disciplines, who undertake
scientific and clinical investigations involving human beings." The Hous=2 of
Delegates of the American Medical Association has since endorsed the Declaratio
of Helsinki as an ethical guide to clinicel medical investigetion. Representa-
tives of the American Medical Association are currently meeting with members of
the American Federaiion for Clirnieczl Research and the American Society for
Clinical Investigaticn ir ar elfzrt w2 prepare a modern c2de of ethies for
auman experimeniaticn.

The Eelsinki Declaraticn outlines very sirict rules for nontherepeutic

clinical research and seems to pe particulerly pertinexnt to +the type of studies
being preposed. The nature, purpcse, and risks must te exrlained to the subjec
the subject must te Iully 1nfcrmec an3d m.st give his free consent, and the

patient must e in such mental., physical and legal state as to te able tc

xerciss fully his power of chrice. Comsent should be obtained in writing and
e wit nessei Tae 1nve=t;gagor must rzespect the right of each individual to
saéegua his ovx perspral integrity eni, et any time during the course of
clinical --searc:, the surject or nis gusrdian should be free t¢ withdraw per-
mission for research ¢ te continued. The investigator or +he investigating
teems should Giscontinue the research if in his judgment, it may. if contirued,
oe harmiul to the indiviiuel, The concept of valid -n;crmed consent is a par-
ticwlarly fundarsnizl ané isporiant cne, yet often reguires a level of know-
ledz® and freedcn froz constraint that is impossible o actieve with pecple
what ere ill. choldren, cr Tkhcse mentally incarable of ccmprehending the mean~
1ng and consejuerces cI Ihe scisntific ang technical rrinciples involved.
Inebili<y to convey the necessary informstion &nd understanding dres not in
any wey iessen the rzgiirerent Jor velid informed consent.

'

4

Several items frcz 1ze Nuremberg Code would seem tc be particularly per-
tinent 1o our propeses studies. The firs+ item says "The voluntary consent of
the humarn suject & olutely essential." Isem 6 poinis out a nearly self-
evidenv point of lcgic that "The degree of risk to be taken should never exceed
that Zetermined by the huzanitariean impcrtance of the problem to be solved by
the exreriment." 1Item 10 says i» part "During the course of the experipent,
the scientis?y in czarge must Ye preparsd to terminate the experiment at any
s..,ae_, cees

w
)
'
(n

tne hitved Kingdcm has heen grestly clarified

Trhe officizl position of
recently by a stztement ol their Medicel Reseerck {ouncil in their annual
report for 19€z ani 1383, Tae statemens Geals primari ily with medical investi-
gaticns in general Yut is directly eprlicadle to work wita rediation and radio-
active pateriazls. The ccuncil emphasizes the lxzortance of prcper safeguaris
teth in protedures contriduiing to the tenefit ¢f the ipdividuel and, more
srecizl iz p:ocei;:ss i: waick the ind v"ual conzerned dees not tenelit
cirez ror 1ne Invesiigaticn, Again, varticutlar importarce is atiiched Lo
ctizining ine 2 2 Tris ccnsent, oy which s mezct "eonsent Iresiy
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ven with rroper unde

= 1
P -
e Sel.

g ers ture ard conseguences c¢f vhal is
Proviced ta=d e r2 ensured, the ccuncil clesrly
endorsed the concept ¢ inve ons involving volunteers. and coacliles

thet "After sdequave explanziion; the ccns

understandéing can pe relieé upon To be true comsent."  They further emphssize
.the responsibility on the prcfessions, ca the heeds of investiga*ing depart-
ments, and on individuel investigetors, to ensure that the conduct cf all these
investigetions is irreprcachable. The more obvicus requirsments that the
experiment shoulé be conducted only by technically qualified perscns exercising
the highest degree of skill ard care thrcugnout ell stages of the experiment,
ancé thet no experiment should be conducted where there is any reascn to believe
thet serious injury or cdeethk would ccecur are implicit ir all of the codes of
ewnicel conduct. '

One cf the greatest retaréing influerces cn the accumulation of human data
has beer the feeling, perticularly prevelent ir scme of the szarlier codes. that
experimentation must nct ve czrried zut on humen subjects unless the subject
himsell expects tc benefiti., For example, the docior can combine clinical
research with professional care, the cbjective being the acquisitiorn of new
medicel knowledge, only to the extent that clinical research is justified by
its therapeutic value for the patient. Not only is this ccatrary to the spirit
of sacrifice for the good of ones' fellow man so prevalent in many parts of the
world but is totelly unrealistic and undesiratle whern governed by sound ethicel
and moral princirles. The proposed gulde lines ecknowledge and accept the spirit
of both the Nuremberg Code ené the Declearation of Helsinki but we suwbmit that it

s entirely appropriete for huwuen subjects to accept small risks to themselves
.0 help develcp information ithat will be of value to others. Specifically,
when the stbject himseld does not stand to benefit by the experiment being per-
formed, the intermal dose permitted shell not exceed the occupational exposure
permitied workers ir the etomic energy industiry, as specified in Title 10 Part
20 of the Code of Fedsrel Reguletions for licensees ané in AEC Manuzl Chapter
0524 for AEC and Contrecicr personnel. '

The pertinent values are 3 renm per guarter or 5 rem per year for the whole

boly or 10 rer per querter anid 30 rem per year for the thyroid. For the sake

of simpiicity and to elirminete the need for factual information concerning which
organ is critical, which may itself be the principle reason for the experiment,
the higher levels permitteé for single organs other than the thyroid are not
permitted at present and the dose received is considered to be to the whole
body. though the 3 rem per quarter for whole body may be averaged over 13
weeks, the basic unit proposed for a single exposure is 0.3 rem Zor the first
week, a value only slightly larger than the everage velue of 0.23 rem permitted
for each of 13 consecutive weeks. An extensive table of activities reguired
to produce a dose of 0.3 rem per week to the critical orgen from a single
exposure has been published (2) and is most helpful and convenient in determin-
ing the maximum permissible dose to be used as well as for administrative check-
ing. Another significent point in this connection is that these values and the
equations from which they were celculated heve been prepared by & well known
authority in the field of internel dosime%ry, have been published in the open
litereture andé ere esesily evaileble to others. Another similar and more recent

eper entitled "Rediation Doses from Administered Radio Nuclides" is also very
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useful (3). However, publi ghed informetion tends to become outdated and all
final celoulasions of dose musy reflect the most recent methods and informati
recczmended by the Federzl Radiation Council endé the Intermationel Commission
on Radiclogicel Prcieciion,

One ¢f the significant differences between doses administered from exter
or internal sources is the inability to terminate the latter on demand by rex
of the source. Bownh cormen prudence and most of the medical codes suggest th
the long-tern cdose comzi*tment should be restricted to permit either the exper
menter or the volunteer to reconsider his decision to continue the test. Con
sequently, limiteticns are imposed on the effective half lives that can be
employed at a given level of activity so that more than one copportunity 1s
presented to stop the exreriment before even e l-yeer's maximum permissible
dose will kave been cooiitied irrevocably.

A summery of the maximum vermissible intake for a single exposure as &
functicn of hall lile and dose received is giver in Table I. Obviously, when
the half life is less than that shown in the table, the dose received will al
be less than that shewn. Specific guide lines are as fecllows:

l. The cuanulty of rediocactive nuclides to bte taken in a single éay shall nc
exceed that reguired i deliver a dose to the critical organ of 0.3 rem I
the first week afier expeosure as given in columns 5 and 8 of the publishe
table (2), for ingestion and inhalation, respectively. These values have
been chosen tc rermii integretion of the dose received over a time period
of cne weex. Wnhere necessary, the values must be updated to reflect the
latest informaticn aveiladle.

Talle I. Padiation Guides Jor Juman 3tudies
Ixvolvizg & Singie Ixposure

Lesis Mexi== Dcse Receivel. rem.

- Fer First ~eeg I28T lear 23T2.
R Yees ) 1 Test Max. 1 Test Max.
LI ocavs t - 5.3 1.5 5.5 1.235  5.1€
i3 veezs P PN - C.0% .83 5.00 L.i2 2.32
L yeas . X 0.83 " onas .35 2.3 2.3
Sacle iz Re?, 2
2. Tze maximum level ¢f (0,3 rem in the first we2k mzy e useld only with
rationuclides raving 2n eflec tive hald 1ife iz the criti:al organ sucrter
Ttharn 10 days sc thei the dcse will nci exc=zed tae second limitation of
1.25 ren in the first guaxzver. T“e dose ¢f 5 renm per year permitted by
AEC Marual Chagter (524 is permizted tut ornly IJor four ssrarate tests so
that the dose can te termineted within a2 reasonzdle length of time {one
guarter) if eithsr zhe subject or experirenter shculd so dec ids, This
lizitazsica alst ensures ihat the tocal inzegreted iose will nct exceed
arpreoXimavely 5 ram Zor 2 zs tests Ter year,

3 -t - -
wexirun of Iour
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RWuclicdes with elfective hall livss longer than 15 éays can ve used
provided the guantitles ar duced o limit the lung-tera commitmenvt.

N o
-

1
re
il

| (4

Naclides with elfective ves 11 excess of one year are not erployed
in eny case., With nuclides heving half l‘ves from 18 days up to 13 weeks,
ne values giver in the pu "l"S"eQ uaole (2} are reduced by the factor 4.3

so that the dose per yezr will not exceed ;.25 rem. Again, Iour tesis

per year are percitted to resIirict the yeerly dose to 5 rex and the total
integrated infinity dese to only slightly more. For nuclides with half
lives of 13 weeks up %o ore year, only one-tenth the quantity menticned
in the tetle is permitied per test and only one test is permitted per
year o keep the dcse for the Jirst year down 4o ebcut 1 rem and the total
infinity dose down tc about 2 rex. Wse of nuclides with half lives in
excess of one yeer is not liikely to be necessary and is undesirable
because cf inebility to terminate the exposure within a reascnable length
cf time,

tJ

L, HMuclides for which the thyrcid is the critical orgen can be used in
quentities tiree tima2s that specified in the table as permitted by AEC
Manu_l Chxzter 05_~. Ccrrespornding increases permitted by Manual Chapter
for "cther organs" can be utilizes if the critical organ is known with
some assurance. (therwise, the dose should te limited to that permitted
Zor the whole tcéy.

5. If the source is encapsulatsl in polyethylene tubing or other impervious
material thet will not be rsiea sed in the body ané will be eliminated in
: atout 2L hours, uhe m&x;:h; activity used and the number <f experiments

i
performed zan be adjust ¢l that the dcse received does not exceed 0.3
rer per veek or 5 rex ps 2 to that part of the gastrointestinal (G.I.)
sracy deemed %o be the critical organ. As pointed cut in the footnote to
the tatle in refersnce £, =he values gven i1n columas L4 and 7 for a dose
rete of 0.0L3 rew ver &z m=v te considersd es maximum parmissible values
for continuous exposure when tz2 (.I. trast is the critizal tissue.
Consequentliv, either & single euherim::t et T times this value or 7
experiments at “his value coulé be performed each wesk., If the scurce
str°ngt is sufficientiy nigh or the nuclides sufficiently long lived to
coustitute any significant hazerd to others if the capsule sheould be
opened, the source will te recovered and prcrerly disposed of after
termination of the study. '

'l i1

©. Chemical toxicity is to be considered specifically in esch case, and will
become & limiting factor when the threshold limit is reacked. For example,
e solution of methyl icdide corteining radioactive icdine tracer could be
more toxic chemically then radiochemically if the specific activity were
sufficiently low. Both the chemical and radiochemical purity of the
activity being administered must be established bsyoni guestion.

Since many vclunteers vill inevitably be cbtained from our own sub-
ordinetes, we rmust be particularly careful to evoid any suggesticn of coercion
or manaauo*y participaetion &s a canaltlcn of exrloymeni. Conssnt feorms may
not-even be distributed for signeture until the potentiszl voluatcer has beer
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contacted, the experiment to be underteken thorcughly explained and his consen
‘reelv given. Similarly, tc aveoid any adverse public reaction, the general

N philoscphy of humen studies being carried out in & given laebcratory must have
Deen discussed openly with and concurred in by tke local medical authorities
without the slightest suggestion of attempted subterfuge. Each speciiic
experimen: must ve spproved by at least two reputable scientists with administ
tive responsibilities and authority in the organization, one of whom must be a
nedical officer, and must be carried out openly by the experimenters acting as
group rather then any single individual going it alome. In our laboratory, th
Chief of the Medical Branch epproves the medical qualifications of the volunte
and assures thet 2l) necessary medical aspects of the proposal have been revie
adequately., The Caief of the Analytical Chemistry Branch approves the project
from the standpoint of chemical ané radiological toxicities. After the study .
veen completed the radiation exposure Gata is entered om the consent form end
filel in the indivicduals medical record. :

he above guide lines reflect the meximum quantity of radioactive materia
that can be used cnly with good and sufficient justification and are thought T
De relatively ccnservative. Even so, as a general philosophy, the actual quan:
tity to te used in any given exgeriment shall not exceec the smallest quantity
necessary to achieve the inotended results.
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There are three generally recognized methods available for the assessment .
of organ or whole body doses due to the intake and deposition of radionuclides:

a) measurement of the environment;
b) measurement of the excreta;
c) direct measurement of the exposed worker.

Environmental programs provide useful data for assessing dose to workers in a
gross manner, but because the quantity of radioactivity taken into the body is
not accurately known, they do not lend themselves to precise interpretationms.
Nevertheless, enviroamental data such as aerosol concentrations, particle

size distributions, duration of exposure and chemical form of the contaminant
are of prime importance as supportive information for other modes of dose
assessment. :

‘) Tris peper is based on work performed under United States Atomic Energy
Comzission Contract AT(u45-1)-1830,
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Measurement of radiocactivity in excreta is another method of indirect
A assessment, Here again, the results may be imprecise because of biological
* variability, inadequate sampling techniques and lack of models responsive to
the exposure conditions experienced by the worker.

Direct measurements of the exposed worker, of which the autopsy program
become a component part, provide the best available method for assessing orge
retention and dose., "In vivo" measurements, however, have two serious
limitations. They are restricted to external counting techniques and the
assessment of individual organ doses can be masked or impossible to determine
in the case of trying to determine separately the contributions from the
lungs and the pulmonary lymph nodes., Information obtained from sutopsy sampl
can help considerably in future assessments made of the retention characteris
and doses to specific organs by the "in vivo" external measurement techniques

When in the early 1940's, employees at the Hanford Atomic Energy Plant
in Richland, Washington begar to work with plutonium isotopes in various
chemical forms, surveillance programs were initiated to determine the air con
centration of plutonium, detect and control environmental contamination and
estimate the internal deposition in the plant employees., The chief mechanism
used to estimete the body burden of plutonium was the evaluation of biloassay
data. It was recognized that the sole mathematical model developed for this
type of evaluation was predicated on the results obtained from the administra
tion of only one chemical form and by one method of administration.! Neces-
sarily the extrapolation of the interpretations for application to various
other chemical fcms or to other metilods of =zdministration would be of
questionable va.idity. '

Through the cooperatior of the local pathologist and personnel of the
‘medical department, £ modest autopsy program was staried in 1949 to obtain
various tissue sazples from both former employees and residents, By analyzin
the samples and segregating the results between those who formerly worked wit!
plutonium and those wic did not, we had a mechanism for determining the exten
cf deposition attributable to occupational exposures and relating this to the
theoretical models tha:t had been used earlier to estimate the depositions.

Considering the length of time that the program has been established,
the total nurmber of 286 cases seems somewhat small, This is still a rather
large number, however, considering the sensitive nature of the prograsm and
the informal arrangements necessarily used to keep the program supported, Of
the total, 242 represent non-occupationally exposed personnel and il represent
personnel potentially occupationally exposed to plutonium at Hanford.

The types of samples collected have varied accgrdihg to particular
interests prevaient at the time the samp.es were taken, but in all cases
lung, liver and bone samples were obtained although occasionally some of these
results were lost. The rcutine collection of pulmonary lymph nodes was
initiated in 1960 when studies commenced to assess the extent of plutonium
depositions in these samples, especially following chronic occupaiional
exrosure to low activity aerosols, Also collected, but on an intermittens
basis, and analyzed for Pu were blood, pancreas, prostate end seminal
vesicle samples., The stecific location for tissue sampling was not specified
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the pethologist, and as & resuli, tissues were taken from the most convenient
_r randomly selected greas of the designated organ,

The sample weights veried considerebly; for instance, the lung samples
veried fror 10-300 grans, the liver samples from 15-300 grams, end bone

- samples, vhich were taken from the ridb, varied from L-25 grams. The weights

of the lymph nodes, although referred to in some of the data, have little meaning
inasmuch as the nodes were not stiripped clean of associated tissue,

The chemical procedures used in analyzing the tissue were the standard
procedures used for the separation of Pu in excreta, and the detection of the
residuel Pu was by courting tracks in NTA film exposed to the deposition of
Pu on stainless steel discs, In recent years, sensitivity of ebout 0.05 dpm
was obtained using this procedure. However, only average or expected yields
from the chemical procecures coulé be used because the film detection technique
is unsatisfactory for the discrimination of various isotopes of plutonium,

The pathologist when submitting tissue sanmples avoided, where possidle,
samples evidencing gross sbnormalities although it was not always possible to
do so. In each case the coroner's statement of death was obtained and included
with the data so that these irregularities may be considered, TFor instance,
resulting date on lung depositions may not be considered normal in the case of
pulmonary exphyseme or cercinoms.

The radiochemical analyses of tissues from former Hanford plutonium

srkers, presented in Table I, show that for a number of the fermer long-term .
-anford workers, small but meesursble internal depositions of plutonium were
found., For these individuels some 523 urine samples were analyzed for
plutonium during the course of their work with this material. A positive
bioassay result, i.e, semples wiih activity greater than 0.05 dpm, was ob-
tained for cnly one employee where three positive urine samples appeared
following the eccidental inaaletion of plutonium oxide dust, The results were
evaluated as having indicateé no significant deposition; less than 1% of the
maximum permissible body burden of 0,0L uCi with bone as & reference, had
occurred. The data presented in Table I are interesting in that they demon-
strate the presence of small body depositions of plutonium in plutonium
workers whose depositions are below detection with present bioassay surveillance
techniques. The data are, howvever, disappointing in that the sensitivity was.
insufficient to obtain statistically good results for bone and the lymph
nodes, Another disappointing feature is the absence of more positive urinalysis
date with which some of the current ideas of retention versus excretion could’
be tested, '

A reviev of the data shows that the largest deposition of 130 x 1073d/m/g
occurred in an employee who was not involved in any known accidents., Assuming
standard man parameters, this concentration implies 0.1nCi in the liver. Since
15% of the plutonium in the blood reaches the liver, again using ICRP para=-
meters, a blood content o£0.7nCi is indicated. Depending on the time of
sampling after intake, such a deposition, if occurring all at once and if

. e=xcreted according to the Langham model, would be detectable according to
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‘esent practice for sbout 9 months after inteke. The worker in question was
-azpled mostly on & quarterly basis but at no time did urinalysis yield positive
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sults. Recent experiments with inhelation of plutorium oxides by dogs
onducted by Drs. Beir end Perk? at Bettelle Northwest indicates that the
excretion rate &s a pefcentage of body burden mey be consideredly smaller than
thet given by the Langhem model ané depending on the state of the plutonium
inhaled may preclude detection by urinalysis of the autopsy results reported here.

Bearing in mind the limitations of the program, particularly in extrap-
olating sample activity to the total activity for the organ concerned, the
data indicate that the lung and the liver, for the majority of cases, are
the favorite sites for deposition. There are 29 cases where either the lung or
the liver is positive and in 19 of these 29 cases the. liver contained a higher
concentration of Pu thaa did the lung. The fact that the lymph nodes do not

'seem to contain high concenirations of Pu can be related to both the uncertainty

of the sample size and to the uncertainty as to whether or not the lymph nodes

that wvere obtained represented those having the highest concentration. It is

of interest, however, that the bone depositions do not show the order of

activity expected. The tebulations of the ICRP3 suggest that wvhen inhalation

is the route of intake, one might expect five times the amount in bone as that

in liver. However, the data of Bair, et &l," suggest for the acute cases,

beagles sacrificed soon after intake, that about the same amount of plutonium

oxide will be seen in the skeleton as in the liver., Park has reported about

four times the amount of Pu oxide in the liver as that in the bone for dogs

sacrificed at 900 days after intave. Langham® reports about the same in the

skeleton as in the liver for e raiiation worker exvosed occupationally to

hoth oxide &and nitraie for 12 years prior to e radiation accident at Los Alamos.
e sutopsy results show thet qualitatively, in 10 cases out of 23, the amount

-£ Pu in the liver is at least three times that in the bone, assuming that

Pu is uniformly distributed through the mass of the organ (standard man parameters).

Langham, et a1! reported the results of meesurements of plutonium con-
centration in tissues o®teined et autopsy frorm nine chronically exposed
workers at Los Alamos., Treir measurements show qualitatively that the relative
tissue concentrations sare, in cdecreasing order, respiratory lymph nodes
>lungs >liver >bore., Ir only one instance, that of case 31, does the present
data clearly follow the suggested pattern. A

For comparison, data -from the literature regarding plutonium distri-
bution in the human body and in dogs are presented in Table II. The frequency
of cases as a function of amount of depositions and work experience are
presented for the individuals listed in Table I together with non-occupational
cases in Table IITI,

. Qualitatively it can be concluded from the table that there is a _
greater likelihood of a larger deposition with increase in exposure time. Still
unknown is whether this is caused by longer exposure to & chronic low=-level
concentration of plutonium or expresses the increasing likelihood of involve-
ment with a minor or unnoticed accident with increasing time or association
with the element,

As the prograz hes evolved, both correctatle and uncorrectable deficiencies
ive appeared and should be noted, The percent of yielé of the chemical
rocedures needs to be known more precisely for each individual sample. Recent
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=T UDORIUM DISTRIBUTION DATA JBTAINED AT AUTOPSY ™R
»  FUMAYS ANT BEAGLE DOGS IXPPESSED AS PERCENTAGE JF THE 30DY
BUPSEN AT DEATE OR AS PERCENTAGE OF THE IXTARKE FOR THE DOGSS

tanghaz's® Padiation® M"
Patient dorker Pu Citrate Inlestion PuO Ishalstion
Reference Langham e- all Langham$ Stover et alf Park et a)’
Skeleton 66 36 58 0.b
Liver 22 Lg n 1.7
“ungs ' 1 : 25,0
Respiratory )
Lyzps Nodes 32 1,0
Spleez Tk 0.2
{a} Autopsy data obtained five months afier iajection
of Plutornium Citrate, .
{3} Occupationslly exposed to plutoriuz for 12 years
zrior to & radiation accident at Los Alanmos,
{2 Distridution data st death, 900 days after inatake
‘expressed as a percentage of initisl iatake.
TABLE ITI
DISTRIBUTICN OF JEPOSITIONS BY Wio¥ EYPeOIINCT
uzter .
Casesors of Tases Percentaze cf Cases
Lung Liver
Upies o2 x 2773 d/=‘z  Units of x 1073 d/=/z2
L L O = R
York in :
Pu Facilisy A . 68 18 1 L3 23 34
Non-Radiazion . *
Workers i 83 17 0 g2 Y b3
Invironmentsl
Pesidenzs 165 2s 15 0 90 ic 0

The distinct breax betveea the nuzter of cases at & certain burden level
Tor the slutonium verker and the acn-plutonium werker and the environmental
resident sugges: that the latter tvo belenz to the same class as haviag received
Flutonium precozinantly as worlivide Zal-out Z:om wvespons testirng,

The frequency of occurrence of =easurable orzan depositions as a function

of time working witk piutoniur is presented irc Tadble IV,
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TIETTIETIAN 2T DTE2SITIONT AT 2 TMMCTION OF LENSTE °F EYRCSTRE

Persentage of Cases

Years ¢ Nuzber Lunsg ’ Liver )

Ixposure 57 Cases Uzize o7 % 207° a/p/e  Upits of z 2072 a/r/:
22 > 1 <l > 1

<5 30 97 3 83 ‘ 7

> S .k 72 ’ 28 65 35

animel data :ndicete verisbilities as high as a factor of 3 between identicel
semples processe3d using NTA film analysis technique. It is now possible to
taz the samples with Plutoniunm 238 gna use elpha spectrometry instead of NTA
£ilm, thus the percent of yield for each sample will be known. The large
varistions in the totel weight of the lung, particularly as associated with the
cause of death, prevented extrapolation from a sample weight to an estimate
of the activity in the total lung. To standardize the results, the entire
left lung, including the hilar lymph node section, is now being used for analysis.
T™e liver samples are now teker in sizes that weigh at least 200 grams. There
has been much discussion concerning the selection of the bone sample, Various
authorities indicate that the bone deposition for Pu seems highest in various
locations such as the rib, siernuw, vertebrae, femur, etc. Other Zactors
additionelly enter into the selection of this sample such as convenience for

1e coroner or the pethologist to obtein the desired samples either due to
.ocation or because of interference with further processing of the cadesver dy
the undertakers, After much deliberation, the sternum has been selected for
future collection and analysis, The stripping of the tracheobronchial lymph
nodes is not being routinely undertaken due to the difficulty of locating them.
They will only be taken when cleszrly abnormal situations exist which make
ther readily observable or they appear to the pathologist to be of perticular
interest, '

Autopsy programs, like other measuremen:t programs, require precisely
specified and controlled input from other sources in order to secure the
maximum information. The most difficult and least precise information is the
occupational exposure history on the employee. Typical of required data are:
length and type cf exposures, details on known radiation incidents, aerosol
concentrations, particle size distributions and chemical forms and results of
surveillance programs such as whole body counting and bioassay evaluation.

In conclusion, an autopsy progrem can become & useful adjunct to the .
three different measurement techniques used to assess organ doses due to
internally deposited radionuclides., The importance of this program increases
ec the number of potential exposures to new and larger quantities of
contaminants increases., Additionally, as the age of the nuclear industry
increases, so does the age of the occupational worker who has perhaps already
receiveld prolonged low-level exposures. Difficulties and the sensitive nature

. that such programs can portray vary according to State law, company policies
: 2¢ perhaps the extent of personel association between the pathologist and
-he investigator, In srite of the protlems associated with a program of this
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type, it is a hizhly recommended source of informaticn which can be developed
into larger programs through the increassed participation of hospital, other
medical personnel, and cther sites without adverse publicity. It certainly
gives irrefutatle information as to the concentrations ard locations of the
depositions of contazmirnetes in man as a result of envircnmental pollution.,

——————
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