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INTRODUCTION

The Twelfth Annual Meeting on Bio-Assay and Analytical Chemistry was held at the
Huff House, Mountain View Hotel, Gatlinburg, Tennessee.

The proceedings of previous meetfings have been issued as AEC Reports NLCO-595
(1955), WASH=-736 (1956), WASH-1023 (1958), TID-7591 (1959), TID-7616 (1960),
ANL-6637 (1961), DP-831 (1962), TID-76%96 (1963), CONF-727 (1964), CONF-~
651008 (1965). No proceedings were published for the 1957 meeting.

The conferences are held in order that AEC and AEC contractor personnel will have

an opportunity to discuss procedures and problems associated with the collection,
interpretation, and application of bio-assay and other pertinent health data.
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IMPROVED PROCEDURE FOR RADIOSTRONTIUM ANALYSIS OF HUMAN URINE’r

L. B. Farabee
Health Physics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee

ABSTRACT

The procedure used routinely for radiostrontium analysis at Oak Ridge National
Laboratory has been revised for greater efficiency and also for more extensive examination
of an individual sample. An alkaline-earth-phosphate precipitation procedure is applied
to co-precipitate both the alpha emitting actinide elements and radiostrontium. Improved
efficiency for radiostrontium is attained by the addition of calcium, H3POy4, excess NH4OH,
and the exclusion of atmospheric CO2 after precipitation. Revisions were made also in the
cation exchange column separation of radiostrontium from calcium and magnesium using
Na4EDTA and citric acid. Use of these chelating and complexing agents reduces the time
required for strontium analysis by about 50 per cent.

INTRODUCTION

The two methods most commonly used for estimating the body burden of P05 are
() measurement of the bremsstrahlung from internally deposited 20s; - 90Y in o whole body
counter with the use of a Nal(Tl) crystal and a 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 permissible body burden, while the estimation of the body burden by urinalysis
is limited by a prior knowledge of the relationship between the total body burden and the
excretion rate as a function of time after exposure. In general, it is usually necessary to
rely heavily on urinalysis in monitoring for 7YSr for several reasons: (I) in some cases there
is a need for surveillance of personnel at levels below the detection limit of whole body
counting; (2) the bremsstrahlung from 0y gives a continuous spectrum only with no dis-
tinguishable peak relating to 0y 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 required urinalysis is more practical and economical.

Although each nuclear installation may have problems of special interest in monitor -
ing for internal radiation hazards, the alpha emitting actinide elements and "VSr are certainly
of widespread interest, and at ORNL about 85 to 90 per cent of the urinalysis laborator
work load involves the analyses for these radionuclides. The analytical procedure for 7VSr
analysis, which was developed at ORNL ond which has been in use since 1956, involves two

*Research sponsored by the United States Atomic Energy Commission under contract with the
Union Carbide Corporation.
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major steps: (I) the precipitation of the calcium and magnesium of the urine as phosphates
with NaOH, and (2) the separation of radiostrontium from the calcium and magnesium on a
cation exchange resin column with a solution of tetrasodium ethylenediaminetetracetic

acid (Na4EDTA) and citric acid as chelating and/or complexing agents. Recently it
became necessary to make some changes in the procedure in order to expedite the urinalysis
program by using one precipitation step to concentrate both radiostrontium and alpha emitting
actinide elements, thereby providing a method of analyses for several radionuclides in an
individual urine sample. In addition, some changes were made in the resin column separation
of radiostrontium from calcium and magnesium to provide a more efficient procedure.

ALKALINE EARTH PHOSPHATE PRECIPITATION

Experimenta |

In the procedure presently used at ORNL for analysis of actinide elements in urine,
the initial step is the precipitation of urinary calcium and magnesium as phosphates with
NH4OH,. 2 In order to co-precipitate metabolized plutonium from urine, 50 ml of concen-
trated HNO3 is added per liter of urine and the sample is heated to 80° C and stirred for.
| to 2 hours, H3POy4 is added, then the alkaline earth phosphates are precipitated with
NH4OH. @) In order that this precipitation may be used also as the initial step in concen-
trating radiostrontium, it was necessary to prove that quantitative recovery of radiostrontium
can be achieved. In the developmental work 85S¢ (0.51 Mev gamma) was used to facilitate
the study of solubility losses, since direct counting of liquid samples can be done with a
Nal(Tl) crystal and a multichannel analyzer, During the exploratory tests on precipitation
of alkaline earth phosphates with the use of NH4OH it was found that rather large solubility
losses of 89Sr occurred, especiollgt when dilute urine was used. When the precipitation was
done with NaOH, however, the 835r recovery was consistently about 98 per cent. The
larger loss with NH4OH may be due to the buffering action in urine at pH 7 to 8, thereby
prohibiting the optimum pH for best recovery. Other factors affecting the larger solubility
loss may be insufficient calcium and phosphates in dilute urine samples. '

In an attempt to minimize solubility loss of 855r in alkaline earth phosphate precipi-
tation, studies were made to determine the effect of: (l) the addition of calcium; (2) added
H3PO4; (3) the pH at which the precipitation is made; 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 atmosphere bsy wrapping the beaker containing the sample with
a plastic wrap increased the recovery of 895r by an average of 3.6 per cent, therefore, this
practice was followed in all subsequent studies. By exploratory experiments, it was found
that the optimum conditions for precipitation of alkaline earth phosphates from urine with
NH4OH to give a final pH of >9. To show the effect of each of the three conditions for
precipitation on recovery of 85Sr, two conditions were held constant for maximum recovery
while the third was studied.
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The addition of calcium, when the pH is 9.2 and H3PO4 is 0.1 molar,improves the
recovery from 80 per cent to about 95 per cent (Fig. I). The addition of H3PO4, when the
pH is 9.2 and calcium is 120 mg/liter, also improves recovery (Fig. 2). With optimum con-
ditions of added calcium and H3POy, it was shown that o large excess of NH4OH must be
added for optimum recovery (Fig. 3).

P ¥ L
& 8
& 9o -
: vl N
& 701 NP0, IS 0.1 MOLAR 2 CALCWUM IS 120 mg /LITER URINE
PH»9.2
&0 )
8o+
] ]
* hed ) 2 % W “ 0033 C0e7  0I0C  Ou8 06T
mg OF CALCIUM PER LITER URINE HyPO,  MOLARITY
Fig. 1 Effect of added calcium on Fig 2. Effect of excess H3PO4 on
85Sr recovery. 85Sr recovery.

In summary, when using the optimum conditions for precipitation the averagerecovery
of 835r in 10 dilute urine samples of volumes ranging from 500 to 1500 m| was 94.9 % ( 0.4),
while recovery in seven individual urines of volumes from 750 to 1500 ml and specific gravity
from 1.007 to 1.015 was 96.5 % (£ 0.5). Although the recovery of 83Sr from urine using NH4OH
is about | to 2 per cent less than the recovery when NoOH is used, the precipitate is much
more compact, which facilitates the subsequent washing and destruction of organic matter.
The NH4OH precipitation also provides better separation from 137Cs and 40K, two beta
emitters commonly present in urine. The separation factor for both 137Cs and 49K in the

precipitation step alone is 400.
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RESIN COLUMN SEPARATION OF RADIOSTRONTIUM

In order to achieve maximum use of the alkaline earth phosphate precipitation for
the analysis of urine for several radionuclides, the analytical scheme must provide for
removal of some of the radionuclides without loss of others. Thus, in the procedure presently
used for the analysis of Pa, Np, U and Pu, a strong HCI solution of the precipitate is passed
through an anion exchange resin column, thereby removing these radionuclidesi?) The column
effluent will contain many radionuclides of interest in a urinalysis program, chief of which
are the trivalent actinides, radiostrontium, radiobarium and radium. |f there is a need to
analyze for the trivalent actinides as a group, the conventional BiPOy4 - LaF3 precipitation
procedure can be used. The radiostrontium can be recovered directly from the BiPO4 super-
nate or from the column effluent by use of the resin column technique described below.

PH=9.32
100t PH=306

PER CENT RECOVERY OF *’s¢

CALCIUM IS 120mg / LITER URINE
H,PO‘ 1S 0.0 MOLAR

60~

SO

4 1 1 1
0 20 40 60

mt OF EXCESS NH,OH /LITER URINE

Fig. 3 Effect of excess NH4OH on 855r recovery.

4
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Equilibrium Distribution Studies

In designing the resin column procedure, it was helpful to know the relative adsorp-
tion of radiostrontium, calcium and magnesium on Dowex resin in each step of the column
separation. This can best be done by batchwise equilibrium distribution studies in systems
containing a solution of radiostrontium, calcium, and magnesium, and Dowex 50-X12 at
pH 5.00 with (1) NapH2 EDTA only, (2) with citric acid only, and (3) a combination of both.

The results of batchwise equilibrium distribution coefficient studies with EDTA
solutions at pH 5.00 containing Dowex 50-X12 (100 - 200 mesh), 85S¢ tracer, calcium (12 mg)
and magnesium (12 mg) as a function of EDTA molarity are shown in Fig. 4. Strontium-85
is adsorbed on the resin by a factor of 100 over Ca(ll) and 6.3 over Mg(1l).

Citric acid is used in the feed solution to complex iron and is also a component of
the wash solution to remove calcium and magnesium from the resin column. Distribution
coefficient studies with solutions of citric acid at pH 5.00 containing Dowex 50-X12
(100 - 200 mesh), 8355, tracer, calcium (12 mg) and magnesium (12 mg) as a function of citric
acid molarity are shown in Fig. 5. Strontium-85 is adsorbed on the resin by a factor of 4 over
Ca(ll) and 8 over Mg(ll).

T 1T TTTTI7

T TTITT]

DISTRIBUTION COEFFICIENT Dv
T

T Irllrl]

L
002 004 0.06 008 Q.10

MOLARITY OF NoyH,EDTA

Fig. 4 Distribution coefficients of 82Sr, Ca(ll), Mg(ll) in
NaoH2EDTA and Dowex 50 resin at pH 5.00.
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Fig. 5 Distribution coefficients of 8"SSr, Ca(ll), Mg(ll),
in citric acid and Dowex 50 resin at pH 5.00.

Since the feed solution is made up of both EDTA and citric acid, distribution co-
efficient studies in which both are used in the same ratio as recommended for preparation
of the feed solution show that 85S¢ is adsorbed on the resin by a factor of 45 over Ca(ll)
and 9.5 over Mg(l1). In practice it has been found that when a sample is put through a
cation exchange 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 retained on the
resin, a much smaller column can be used, thereby decreasing the volumes of wash and elut-
ing solutions. '
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Separation Procedure

The changes recommended in this revised procedure will reduce (lhe time required
for an analysis by about 50 per cent over the procedure previously used. ) The changes
include: (1) 100 - 200 mesh Dowex 50-XI2 is used instead of 50 - 100 mesh; (2) the resin
column is 1.6 cm |.D. instead of 1.8 ecm; (3) the volume of resin has been reduced from 25 ml
to 13 ml; (4) the pH of the feed solution is 5.00 instead of 5.50; and (5) citric acid is added to
give a concentration of 0.25 per cent.

(a) The Resin Column

A cylindrical glass or plastic tubing 8 inches long and 1.6 cm 1.D., fitted at
the top with a funnel to serve as a reservoir for feed and wash solutions and a stopcock at the
bottom to control the flow rate is filled with 13 ml (wet volume) of Dowex 50-X2 (100 - 200
mesh) which has been converted to the Nat+ cycle with NaCl. The resin bed is supported
with glass wool at both bottom and top. The use of smaller size resin particles provides faster
exchange rates and, most important, greater ease of removing radiostrontium with a smaller
volume of HNOg3 elutriant.

(b) Preparation of Urine Sample

After removal of the actinide elements from the urine sample by either the anion
exchange technique, the BiPO4 precipitation, or a combination of both, the radiostrontium
can be recovered from the effluent or supernate as follows: (l) the excess HCl in the anion
resin column effluent must be removed by evaporation, (2) the residue is solubilized in HO
and the volume brought to about 350 mi, (3) as the solution is stirred constantly, the elec-
trodes of a pH meter are immersed and NaOH is added to bring the pH to about 10, (4) add
o solution of technical grade Na4EDTA until all of the alkaline earths are chelated as indi -
cated by a color change from wine-red to blue of Eriochrome Black T, (5) add 10% excess
Na4EDTA, (6) add sufficient citric acid to make the solution 0.012 molar (0.25%), and
(7) adjust the pH to 5.00 with HCl and/or NaOH. The concentration of the alkaline earths
should not exceed | mg/ml. This solution is then passed through the cation exchange resin
column at a maximum flow rate of about 8 ml/min (4 m} cm=2 min=!) when the liquid height
in the reservoir is about one foot 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.

(c) Removal of Ca and Mg from Resin Column

The residual calcium and magnesium are removed from the resin by passing
250 ml of wash solution made up of 0.75 % Na, EDTA and 1.00% citric acid, which is
adjusted to a pH of 5.00, through the column at maximum flow rate. Discard the effluent
wash.

(d) Removal of Na from Resin Column

The sodium, which was used to prepare the resin, can be removed by passing
250 ml of 0.5 N HCI through the resin at maximum flow rate. Discard the effluent wash.
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(e) Elution of Radiostrontium

The radiostrontium is eluted from the resin with 60 ml of 6 N HNO3 at a flow
rate of 2+ 0.5 ml/min (1.0 £ 0.25 ml cm 2 min"), Fig. 6. After evaporating the excess
HNO3, the radiostrontium is transferred to a suitable dish for counting the beta activity.

Separation from 40K and |37Cs

The above procedure provides excellent separation from 40K and 37Cs, two beta
emitters commonly present in urine, By using 42¢ tracer, the separation factor from
potassium \Zas found to be 7.2 x 104, A similar study with '?/Cs gave a separation factor
of 1.7 x 10%,

70

S0~
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0
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Fig. 6 Elution of 85Sr from resin with 6 N HNO3.
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SUMMARY

The procedure described offers a way to utilize an individual urine sample for analysis
for radiostrontium after removal of the actinide elements. Since the column operation is
about 100 per cent efficient, only losses in alkaline earth precipitation need be considered.

In routine operations, one person can tend 12 or more columns at one time. When only 90Sr
is present at low levels, it is possible to count the sample after growth of 90Y to equilibrium
thereb; permitting greater accuracy with a longer counting time. The separation from 40K
and 137Cs is excellent. The chief disadvantage is that both radiobarium and radium, members
of the alkaline earth group with strontium, are likewise quantitatively recovered.
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RAPID DETERMINATION OF BERYLLIUM EY A
DIRECT-READING ATOMIC ABSORPTION SPECTROPHOTOMETER

by
D. L. Bokowski

THE DOW CHEMICAL COMPANY
ROCKY FLATS DIVISION
GOLDEN, COLORADO .

ABSTRACT

A sensitive and specific analytical method for beryllium 1n ailr,
wipe, blological, and packing material samples was developed.
A single~-beam atomic absorption spectrophotometer and high-
temperature nitrous oxide - acetylene flame is used. The chemlcal
technique for sensitivity enhancement and decontamination from
radionuclides is described. Maximum time expenditure for an
analysis 1s less than 30 minutes. Multiple samples may be run 1in
the same time perlod. Sensitivity of the method 1s less than
0.04 parts per million of beryllium with a repeatability of
approximately 2 percent of the amount present. Decontamination
gaggors for uranium and transuranium elements were greater than
O L]

INTRODUCTION

As a result of 1ts unique chemical and physical properties the

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

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

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

25 ug/M® peak concentration for a single exposure, and 0.01 ug/M®
for neighborhood concentrations. The low magnitude of these
guidelines indicates the need for sensitive, accurate, and
specific analytical methods for evaluating occupational exposure
and as an aid in diagnosing beryllium poisoning. High efficlency
methods for sampling beryllium dust and fume are readily available,
but quantitative methods for determining low concentrations of

10
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beryllium, especlally in bilologic materials, have tended to be
complex and difficult. Substances present in atmospheric samples
and biologic materials which interfere with colorimetric and
fluorimetric methods necessitate separation and concentration
procedures to eliminate their effects, and thus opportunitles for
losses are increased. The spectrographlc method, while less
disturbed by interferences, requires a trailned operator of some
experience. The use of an instrument which has sufficilent
dispersion to eliminate the imposition of lines from potential
interferences 1lnvolves considerable expense.

Hiser et al (1) have analyzed air samples for beryllium by a
spectrophotometric method using p-nitrobenzene azo¥rcinol as
colorimetric agent. Sensitivity is 0.5 micrograms of beryllium
per milliliter, However, the method ls applicable only to those
samples containing a preponderance of berylliuT ag? 1s subject

to interference from many metals. S1ill et al 2, reported a
fluorimetric procedure for beryllium in air samples and bilologic
materials in which the fluorescent complex of morin with beryllium
1s measured. They report the astonishing sensitivity of

0.0002 microgram of beryllium per milliliter. A great number

of steps and a highly developed technique is requlred to reduce
the eff?ﬁgs of a host of interfering substances., Keenan and
Holst, utilizing the "sustaining" a.c., arc, have reported
thelir development of a spectrographic technique with a sensitivity
of detection of 0.001 microgram of beryllium per analyzed aliguot
of biological tissue, fluid, or atmospheric particulate sample.

While not attaining the level of sensitivity achieved by fluorimetric
and spectrographlc methods, the technique of atomic absorption
spectrometry provides a very attractive and adequate method for

a simple, rapld, sensitive and specific quantitative measurement

of beryllium in atmospheric air samples and urine With the
nitrous oxide - acetylene flame the sensitivity, t5) defined as
concentration for 1 percent absorption, is 0.03 microgram of
beryllium per milliliter¥* with a detection limit of approximately
0.003 microgram of beryllium per milliliter* 4n aqueous solution.
This sensitivity can be greatly increased with chemical concentra-
tion by solvent extraction.

Atomic absorption, in contrast to emlssion aspectroscopy, 1is
practically free of spectral or radiation interferences. For
atomic absorption analysis the sample is reduced to the atomic
state in a flame. Until recently beryllium was a member of the
group of elements forming refractory oxides (e.g., aluminum,
silicon, titanium) which could not be determined in the air -
acetylene flame ordinarily used in this technique. In thils flame
dissociated beryllium atoms were immediately oxidlzed to a compound

¥ These values are for a double-beam instrument.

11
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which would not dissocilate further at the flame temperature, The
oxygen-acetylene flame provided a high enough temperature to

effect dissociation, but g?e burning velocity was too rapid for
safe operation., Willis ( solved this problem when he reported
that the nitrous oxide and acetylene flame had a temperature almost
as high as oxygen-acetylene with a burning velocity similar to
alr-acetylene.

INSTRUMENTATION

A Perkin-Elmer Model 290 atomic absorption spectrophotometer was
used for this study. The Model 290 is a direct-reading a.c.,
single-beam 1ng§rument. The principles of its design have been
described. (7, Working curves for thils instrument are not
needed since readout is linear in absorbence units. Ability to
expand or contract the absorbence scale makes it possible to
calibrate the scale to the concentration of metal in a standard
solution and then read analyte concentration directly. The d.c.
voltage level of the absorbence scale meter was monitored with a
Hewlett-Packard Model 405-CR automatic d.c. digital voltmeter with
additional damping provided by 300-mfd capacitance across the
input terminals of the voltmeter. 2Zero and fullscale meter
deflection on the Model 290 correspond to zero and 550 millivolts,
respectively, on the voltmeter display.

Power to the instruments was regulated by a Sola constant voltage
transformer., Since the acetylene flow rate to the Model 290 1is
preset and not adJustable, the fuel and oxidant flows are routed
through a Perkin-Elmer Model 303, burner regulator. The Perkin-
Elmer nitrous oxide burner head (9? was used with 3-inch slot
length and 0.015-1inch width. The hollow cathode lamp was manu-
factured by Atomic Spectral Lamps Pty. Limited; Melbourne,
Australia.

REAGENTS

All reagents are analytical reagent grade. All solutlions were
prepared from distilled, delonized water.

Stock Beryllium Solution A solution containing 1000 micrograms
of BeryI?%um per millilliter is prepared by dissolxing the
appropriate weight 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 Laboratories, New York. U.S. Atomlc Energy
Commission analyzed samples.
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Beryllium Standard Solutions These solutions are prepared Just
before use by dillution from stock. Standard dilutions for smear
analysis are prepared in synthetic smear paper solution which is
5 percent in hydrochloric acid.

Synthetic Smear Paper Solution This solution contains alumlnum,
calclum, nIckel, magnesium, chromium, iron, and zinc in 5 percent
hydrochloric acid in the average amounts that were found by atomic
absorption on 20 smear samples taken at various locations in a
beryllium working area.

Swipe and Alr Filter Papers Whatman 41 filter paper i1s used for
‘both alr sampling and environmental swipes at Rocky Flats. Swipes
are 1% inches in diameter and air filters 47 mm. in diameter.

Smear Digestion Mixture A mixture used to effect solution of
smear papers contalning beryllium is made up of 30 percent
concentrated nitric acid, 50 percent 27 N hydrofluoric acid, and
20 percent concentrated perchloric acid by volume. This mixture
is stored in a polyethylene bottle.

Alr Filter Digestion Mixture A solution composed, by volume,
of 20 and &0 percent, respectively, of concentrated perchloric
and nitric acids, is used to dissolve air filter papers.

EXPERIMENTAL PROCEDURES

Borosilicate glassware is used for all procedures. Each item 1s
soaked in Alconox detergent immedlately after use for 1 to

2 hours, rinsed with hot water, and then soaked in 6 N nitric
acid overnight. The item is then rinsed in tap water followed
by distilled water. '

Filter Faper Smears

The smear paper 1s carefully folded into the bottom of a 15-ml.
platinum crucible. Several drops of butyl acetate are placed
on the filter paper and the paper ignited by the flame from an
inverted Bunsen burner. The flame is allowed to guietly burn
away a large portion of the organic material. Two to three
milliliters of smear digestion mixture are added to the residue;
the crucible 1s placed on an asbestos-covered hotplate at
approximately 250° C. and the mixture 1s evaporated to dryness.
The residue is brought into solution by warming with 2 ml. of

5 percent hydrochloric acid. The cooled 5 percent hydrochloric
acid solution 1s then filtered into a 10-ml. volumetric flask
and the flask brought to volume with repeated rinsings from the
crucible with 5 percent hydrochloric acid.

13
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Air Filters

The filter paper 1s placed in a 20- or 30-ml. Pyrex beaker and
the paper wet down with 2 ml. of digestion mixture. The beaker
is then placed on a hotplate at approximately 250° C. and the
mixture evaporated until dense fumes of perchloric acid are
evolved. The beaker is then removed and cooled. The contents
are quantitatively rinsed into a 10-ml. volumetric flask and
made up to volume with distilled water.

Urine

The methods used for urine are ? Todification of the procedure
described by Keenan and Holst. 4

An entire urine sample 18 transferred to a graduated cylinder

and the volume recorded. (To 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 acid which 1is about 10 percent of the sample
volume and the rinse added to the sample. The total volume of the
mixture 1s recorded. The urine is then filtered, 1f necessary,
and then either treated directly or wet-ashed.

Wet-Ashed Urine

A volume of urine mixture equivalent to 50 ml. of the original
sample is transferred to a 250-ml. Erlenmeyer flask. Ten milli-
liters of nitric acid are added and the mixture is heated on a
medium temperature hotplate (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 1s
repeated with small quantities of nitric acid; the residue is
baked brilefly and then cooled between additions of acid until a
light-colored or white ash remains, The ash is evaporated Jjust
to dryness three times with 10-ml, portions of 6.5 hydrochloric
aclid to hydrolyze any pyrophosphate 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 volume of urine mixture equivalent to 50 ml. of original sample
is transferred to a 100-ml. beaker and the sample treated according
to the procedure outlined below under acetylacetone extraction.

14
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Acetylacetone Extraction

For atomic absorption spectrometry it is unnecessary to 1solate
beryllium from the other substances present in atmospheric and
biologic samples which would interfere with its determination by
chemical or fluorimetric methods. However, for the sensitivity
needed to detect the presence of submicrogram quantltlies, some type
of concentration procedure 1is required. The neutral chelate
resulting from reaction between beryllium ions and acetylacetone
has been used extensively for quantitative solvent extraction of
beryllium. 10?

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

PH of the solution to 1.5; 10 ml, of 10 percent disodium
ethylenedinitrilotetraacetate (EDTA) and 0.5 ml. of acetylacetone
are then added to the mixture and the pH raised to 7 by further
addition of ammonia. The electrodes are then rinsed into the beaker
and the beaker contents transferred quantitatively to a 125-ml.
separatory funnel.

Four milliliters of methyl isobutyl ketone (MIBK) are added and
the funnel thoroughly shaken for 5 minutes. After standing 5

to 10 minutes, the bulk of the lower layer 1s discarded, the

last 10 to 15 ml. being passed, along with upper layer and lnter-
face emulsion, into a 30-ml. Fisher-Porter Ultramax centrifuge
funnel. The funnel is centrifuged at 2,000 rpm for 5 minutes;
the lower layer is carefully drawn off and discarded. The
organic layer 1s then sprayed directly into the burner for measure-
ment of its beryllium content. Quantitative recovery of the
organic layer 1s not necessary since one is concerned only with
the concentration of beryllium in it.

DETERMINATION OF BERYLLIUM

The instrument operating conditions for beryllium determination
are given in Table 1. The zero end of the scale is set by
aspirating a blank sample or low value standard solution while
setting zero millivolts on the voltmeter wlth minimum concentra-
tion control. The high end of the scale 1s adjusted with the
maximum control while aspirating a standard solution callbrated

in any desired units (e.g., ppm, milligram percent, meg/liter).
The hydrochloric acid solutions of ashed smear papers or air
filters and the organic layer from acetylacetone extractions are
aspirated directly into the flame. If the beryllium concentration
in aqueous solution is less than 0.5 ppm, an aliquot of the sample
i1s extracted with acetylacetone and MIBK. At the level of noise
suppression used, approximately 15 seconds of asplration time

are required to obtain the millivolt reading on the voltmeter.
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TABLE 1

SPECTROPHOTOMETER OPERATING PARAMETERS FOR BERYLLIUM ANALYSIS

Parameter
Wavelength (R)
Select Element Setting
sSlit
Lamp Current (ma)
Nitrous Oxide, flowmeter

Acetylene, flowmeter

Aquecus Solution
2348.6
120.6
TA
15
9

Adjust to maximum
absorption while
aspirating standard

Organic Soclution

2348.6
120.6
TA
15
8
AdJjust to maximum

absorption while
aspirating standard

Sample Uptake (ml/min.) 2.0 - 2.5 2.5
Nitrous Oxide Pressure (psi) 30 30
Acetylene Pressure (psi) 10 8

Beryllium in Smears and Alr Filters

The amount of beryllium in an analyzed aliquot, X ug/ml, is
obtained from the measured millivolt readings of standard MV(S),
and sample MV(x) from the proportion

He/mt 18 (8)
Final calculation of total beryllium in the sample 1s determined
by taking into account dilution factors and the size of the
analyzed aliguot.

Beryllium in Raw and Ashed Urine

To one of two duplicate 50-ml. urine specimens 1s added
0.5 milliliter of a standard solution containing 10 milligrams
of beryllium per liter.

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, 1is
calculated from the measured millivolt readings Mv(l) and MV(2)

by the relation
-
X + . - (2)
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RECOVERY EXPERIMENTS

Beryllium Swipes

Table 2 shows the results from recovery 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
each of the samples. From 94 to 103 percent of the added beryllium
was recovered. Each value represents a group of five samples.

TABLE 2
RECOVERY OF BERYLLIUM ADDED TO SMEAR SAMPLES

Beryllium
Added SI!E? Recovery

HIcr%rams Percenf

10 9.6 - 10 96 - 100

30 29.1 - 30.2 97 - 101

50 47.7 - 50.8 g5 - 102

70 65.7 - 70 94 - 100

100 98.3 - 102.7 98 - 103

Raw and Ashed Urine

Beryllium was added to urine pooled from nonexposed personnel
to obtaln a beryllium content of 0.1 milligram per liter.
Fifty-milliliter aliguots of this standard urine were treated
as described in the sections covering ashing and extraction
techniques.

Fifty-milliliter distilled water standards containing 0.0 and
0.1 milligrams of beryllium per liter were extracted in the same
fashlon as the urine samples and measured to determine the
recovery efficiency from urine. These recoveries are shown in
Table 3.

PRECISION

Alr Fillters

Nine Whatman 41 air filters were collected from air sample heads
in a beryllium working area and treated as described in the
section on digestion and solution of air filters. Results of
four runs on each of the samples are given in Table 4. The
determinations were made on consecutive days.

17
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TABLE 3

PERCENT RECOVERY OF BERYLLIUM FROM
RAW AND ASHED URINE

Fresh Urine After Urine After Ashed
Urine 96 Hours 168 Hours Urine
90.2 107.3 105.8 103.0
93.5 104.2 101.1 97.6
01.8 99.8 106.7 102.0
92.7 102.5 100.8 99.4
Average 92.1 103.5 103.8 100.5
Standard
Deviation 1.4 3.1 3.4 2.5
TABLE 4
BERYLLIUM ON AIR FILTERS (MICROGRAMS)
Standard Coefficient of
Run Number Average Deviation Variation (%)
1 2 3 4
94.5 100.7 100.0 98.2 98.4 2.8 2.8
124.3 115.6 116.3 117.1 118.3 4.0 3.4
117.1 114.2 - 115.0 115.4 1.2 1.0
121.5 116.4 119.3 118.2 118.8 2.1 1.8
100.0 100.0 100.0 100.3 100.1 0.1 0.1
117.4 114.5 115.3 115.8 115.7 1.2 1.0
10.2 10.0 10.5 10.3 10.3 0.1 1.0
71.6 78.4 77.1 T4.4 75.4 3.0 4.0
45.0 48.0 47.6 46.7 46.8 1.3 2.8
Mean 2.0
ACCURACY

Beryllium Swipe Samples

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

area. Each swipe formed one leg of an X across the area.

Agreement appears satisfactory when the limitatlions of the sampling
procedure are considered. (See Table 5.)
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TABLE 5

COMPARISON OF EMISSION AND ATOMIC ABSORPTION METHODS FOR
DETERMINATION OF BERYLLIUM IN SWIPE SAMPLES

Specimen No. Beryllium Content (micrograms)
Atomic Absorption Emission
Spectrometry Spectroscopy

S-184 7.7 < 10
5-185 5.0 < 10
5-186 120.0 100
s5-187 100.0 90
s-188 10.0 20
5-189 57.0 80
S-190 4.2 < 10
S-191 1.9 < 10
§-~192 6.0 < 10
5-193 7.9 < 10

Beryllium Alr Filters

Replicate air filter specimens were obtailned from a beryllium working
area by utilizing a dual alr head device in which the filters

are mounted side by side. Table 6 shows that satisfactory agree-
ment was obtained.

INTERFERENCES

Radlioactive Contamination

Beryllium in environmental alr filters and swipes which have
become highly contaminated with radioactive materials must be
efficlently isolated before analysis by atomic absorption. This
is necessary because aspiration of radlioactive solutlions into

TABLE 6

COMPARISON OF EMISSION AND ATOMIC ABSORPTION METHODS FOR
DETERMINATION OF BERYLLIUM IN AIR FILTERS

Specimen No. Beryllium Content (micrograms)
Atomic Absorption Emission
Spectrometry Spectroscopy
A-117 6.5 9
A-118 22 30
A-119 77 80
A-120 70.5 70
A-121 22.5 10
A-122 109.7 90
19
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the burner would contaminate the instrument and its enviro?me?t
and pose an exposure hazard to the operator. Modification(1l

of the acetylacetone extraction procedure provided good removal

of beryllium from actinides. The extent of decontamination from
various materials was determined by ashing of the organic layer
with nitric acid and measurement of the radioactivity of the nuclide
present relative to the total activity added to the sample.

Decontamination

Two drops of phenol red indicator are added to the 5 percent
hydrochloric acid solution of air or swipe sample ash contained

in a 30-ml. Ultramax centrifuge funnel. The pH 1s adjusted to the
endpeint with ammonia and then 2 milliliters of 2 percent disodium
EDTA and 2 milliliters of 0.1 M sodium carbonate are added.

Two milliliters of amyl acetate and 0.2 milliliters of acetyl-
acetone are added and the mixture shaken thoroughly for 5 minutes.
(It was determined that MIBK would extract U23% even with holdback
chemicals present.)

The funnel was then centrifuged for 5 minutes at 2,000 rpm.

The aqueous layer 1is then carefully discarded as radioactive waste.
The organlc layer is then washed with 10 milliliters of 0.1 M
sodium carbonate and 10 milliliters of distilled water, the Aqueous
layers being dlscarded in turn. The average separation factors

for several actinides are shown in Table 7. Each value represents
the mean of four samples.

TABLE 7

SEPARATION FACTORS FOR BERYLLIUM EXTRACTION
FROM VARIOUS ACTINIDES

Separation Factor

Actinide (Average)
Uiss 5,848
Pusse 5,423
Ane 41 5,730

Ionization

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

of many elements. Loss of ground state atoms to this effect,
therefore, amounts to a form of interference since sensitivity
would be dimini?hs? by this phenomenon. Fortunately, beryllium
i1s exceptional 1 among refractory-forming elements in that
no significant ionization of its atoms occurs in the nitrous
oxide - acetylene flame.
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Chemical

The loss of atoms which are bound in molecular combinations in the
flame constitutes a form of interference often termed "chemical,"
Since beryllium 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 in the nitrous
oxide - acetylene flame. Figure 1 shows absorptions for solutions
containing 4 ppm of beryllium and various concentrations of aluminum,
phosphorus, and silica. The presence of phosphorus as phosphoric
acid had little effect on beryllium absorption except at concen-
trations above 100 ppm. The enhancement of absorption above this
concentration was 3 to 4 percent. Aluminum and silica showed
interference but the effect did not become serious until concen-
trations of these elements approached 1,000 ppm. Concentrations

of sulfate (as sulfuric acid? up to 80,000 ppm showed no effect

on beryllium absorption.
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Fig. 1 EFFECT OF ADDITION OF ALUMINUM, PHOSPHORUS, AND
SILICON ON THE ABSORBENCE OF A 4-PPM BERYLLIUM
SOLUTION.
SUMMARY

A rapid and specific atomic absorption spectrophotometric method
for the analysis of beryllium in urine and in environmental swilpes

21

1041283



and air samples collected on filter paper has been resented.
Beryllium is determined directly in swipe and air filter ash
solutions without need for chemical separations. Solvent extraction
procedures for separation and concentration of beryllium from
radiocactive contaminants and from urine have been described.

The approximate sensitivity and detection limit for beryllium in
aqueous and methyl 1sobutyl 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 advantageous use as a
rapid monitoring procedure and could easily be adapted to determi-
nation of beryllium in tissue and other biologic materilals.
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URANIUM LEVELS IN HUMAN DIET AND BIOLOGICAL MATERIALS

George A. Welford
Ruth Baird

UNITED STATES ATOMIC ENERGY COMMISSION
Health and Safety Laboratory
New York, New York

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 of strontium-90 levels, presents an
opportunity to measure the uranium content of foods, as monthly total diet
samples are available from New York City, Chicago, and San Francisco. 1In
addition to the diet, materials such as air, bone, lung, and water samples
were analyzed from the New York area.

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

The urinary excretion levels for non-exposed individuals are
reviewed and new data from the Chicago area indicate a range of values
within the previously reported New York data of from 0.03 to 0.3 microgram

of uranium per liter.

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

trace quantities of uranium exist in man and his environment. The ICRP
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currently accepts the estimate of Davis(4) that the daily intake of uranium
is 2 micrograms per day. Klemont(5) cites pudley(®) as having estimated
that the general population has a daily intake of 1 microgram of uranium.
The tri-city diet studies established for documenting strontium-90 levels at
New York, Chicago, and San Francisco, were used to experimentally
establish uranium intake levels. “
Five grams of the dry ashed food material is weighed and transferred
to a 250-ml beaker for analysis. A known aliquot of uranium-232 is added
as tracer and residual organic material is destroyed by evaporation with
nitric acid and hydrogen peroxide. Hydrochloric acid is added and the
solution evaporated to dryness. The salts are dissolved in hydrochloric acid
and passed through a conventional ion exchange cclumn of pretreated Dowex
1 X-4 (100-200) mesh. The column is washed with hydrochloric acid and the
uranium, along with iron, is eluted with hydrochloric acid. The eluate is
evaporated to dryness, and the residue dissolved in a sulfuric acid solution
and electrolyzed in a mercury cathode cell. The resulting solution is
evaporated to dryness with dilute nitric acid. Triplicate 0.1-ml aliquots
of the solution are dried and flamed on a platinum dish, fused with 100
milligrams of sodium fluoride, and the fluorescence measured by a HASL
fluorimeter. An additional 0.1-ml aliquot, from the 5-ml volumetric flask,
is pipetted on a platinum disc, dried, alpha phosphor added, and counted

for tracer, uranium-232 recovery.

The method described is capable of determining 0.005 microgram of
uranium per sample. Each analysis for the uranium content of food was preceded

and followed by a blank determination using the same quality of reagents
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outlined in the procedure. This blank varied slightly but averaged 0.007
microgram of uranium which is the same level of 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 80%. Several samples previously
analyzed at HASL were shipped to Union Carbide Corporation for neutron
activation analysis and a comparison of the results is shown in Table 1.

The two methods are in general good agreement and the distribution seems random.

microgram Urani am of ash
Food Neutron Activation Analysis Fluorimetric

Bakery Products .062 066
" " 074 077

" " .040 .070
Whole Grain Products .052 056
" " " .043 057

" " " 045 .059
Fresh Vegetables .080 .076
" i .078 .080

" " .220 .136
Blended Chicken Bone .041 .050
Fresh Vegetables -086 .076

Tables 2, 3, and 4 show the data obtained from the diet samples
from New York, Chicago, and Sam Francisco, respectively. Foods and their
annual consumption values are taken from the USDA's 1955 report. The
values were grouped in 19 categories by Rivera and Harley(7). These authors

also reported the experimentally-determined figures for percent ash that
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Table 2

ANNUAL URANTUM INTAKE

New York City

Category Eg/yr fxlﬂ % ash pe Uyr
Bakery Products 37 0.08 2.23 + 0,11 66
Whole Grain Products 11 0.06 2.47 £ 0.05 16
Eggs 16 0.02 1.07 + 0.03 3.4
Fresh Vegetables 43 0.08 0.73 £ 0,02 25
Root Vegetables 17 0.09 0.79 £ 0.03 12
Milk 221 0.01 0.71 + 0.04 16
Poultry 17 0.02 0.82 + 0.04 2.7
Fresh Fish 8 0.03 1.42 £+ 0.10 3.4
PFlour 43 0.11 0.49 * 0,04 23
Macaroni 3 .06 0.69 £ 0.04 1.2
Rice 3 0.32 0.60 + 0.02 5.8
Meat 73 0.12 0.90 £ 0,02 79
Shellfish 1 0.60 1.59 + 0.56 9.5
Dried Beans 3 0.04 3.78 £ 0.06 4.5
Presh Pruit 68 0.18 0.62 + 0.01 76
Potatoes 45 0.22 1.12 £ 0,04 111
Canned Fruit 26 0.05 0.31 % 0.04 4.2
Fruit Juices 19 0.01 0.59 + 0.03 1.1
Canned Vegetables 20 0.02 0.99 =+ 0.01 4.0
SUM 674 463.8

1.3 pg U/day

are used in these tables. The data indicate that the daily indicate of
uranium is constant at the three sites studied.
New York - 1.3 micrograms Uranium/day
Chicago - 1.4 micrograms Uranium/day
San Francisco - 1.3 micrograms Uranium/day
This is so in spite of variations of the uranium content of certain

foods at different locations. For example, the yearly intake of uranium
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Table 3

ANNUAL URANTUM INTAKE

Chicago
Category Ez/yr u_s)‘; % ash BE Ulyr
Bakery Products 37 0.07 2.23 ¢+ 0.11 58
Whole Grain Products 11 0.06 .47 £ 0,05 16
Eggs 16 0.02 1.07 £ 0.03 3.4
Fresh Vegetables 43 0.08 0.73 £ 0.02 25
Root Vegetables 17 0.07 0.79 £ 0.03 9.4
Milk 221 0.02 0.71 + 0.04 31
Poultry 17 0.06 0.82 + 0.04 8.4
Fresh Fish 8 0.06 1.42 * 0.10 6.8
Flour 43 0.07 0.49 £ 0.04 14
Macaroni 3 0.07 0,69 + 0.04 1.4
Rice 3 0.07 0.60 £ 0.02 18
Meat 73 0.16 0.90 + 0.02 105
Shellfish 1 1.80 1.59 + 0.56 29
Dried Beans 3 0.10 3.78 £ 0.06 11
Fresh Fruit 68 0.18 0.62 = 0.01 76
Potatoes 45 0.20 1,12 + 0.04 101
Canned Fruit 26 0.08 0.31 % 0.04 6.4
Fruit Juices 19 0.01 0.59 + 0.03 1.1
Canned Vegetables 20 0.01 0.99 £ 0.01 2.0
SUM 674 522.9

1.4 pg U/day

from shellfish in New York is less than half of that in Chicago and San
Francisco. Potatoes, meat, fresh fish and bakery products contribute more
than 70 percent to the annual uranium intake. Milk in the San Francisco area
is a major contributor of uranium but it is less so in Chicago and New York.
Table 5 compares the annual intake of uranium for the three sites. 1In spite
of these individual differences the total daily intake of uranium is

strikingly similar at the sites tested.
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Category
Bakery Products

Whole Grain Products
Eggs

Fresh Vegetables
Root Vegetables
Milk

Poultry

Fresh Fish

Flour

Macaroni

Rice

Meac

Shellfish

Dried Beans
Fresh Fruit
Potatoes

Canned Fruic
Fruit Juices
Canned Vegetables

SUM

Rg/vr
37
11
16
43
17

221

17

43

68
45
26
19
20

674

Table &
ANNUAL URANTUM INTAKE

San Francisco

Hg U

ash

0.07
0.06
0.02
0.14
0.09
0.09
0.04
0.04
0.04
0.09
0.24
0.07
1.96
0.10
0.10
0.20
0.05
0.03

0.02

% ash
2.23 0.11
2.47 £ 0.05
1.07 0.03

0.73
0.79
0.71
0.82
1.42
0.49
0.69
0.60
0.90
1.59
3.78
0.62
1.12
0.31
0.59

0.99

0.02
0.03
0.04
0.04
0.10
0.04
0.04
0.02
0.02
0.56
0.06
0.01
0.04
0.04
0.03

0.01

58
16

3.4

12
62
5.6
4.5
8.4
1.9
4.3
46
31
11
42
101
4.0
3.4
4.0

462.5

1.3 ug U/day

Recent data from Russian(8) publications have documented intake

and excretion levels of uranium from two sites which differed in intake levels

by a factor of more than 25.

In these studies the water levels were the

contributing factor since the population was consuming spring water with

levels of uranium of 200 and 7 micrograms per liter, respectively.

Vegetables

and meat were measured at each of these sites but their contribution of

uranium to the total diet was insignificant.

1041291

29

Table 6 presents their data and



Table 5

COMPARISON OF ANNCAL URANIUM INTAKE

micrograms of Uranium/year

Category New_York Chicago San _Francisco
Bakery Products 66 58 58
Whole Grain Products 16 16 16
Eggs 3.4 3.4 3.4
Fresh Vegetables 25 25 44
Root Vegetables 12 9.4 12
Milk 16 31 62
Poulery 2.7 8.4 5.6
Fresh Pish 3.4 6.8 4.5
Flour 23 14 8.4
Macaroni 1.2 1.4 1.9
Rice 5.8 18 4.3
Meat 79 104 46
Shellfish 9.5 29 K}
Dried Beans 4.5 11 11
Fresh Fruirc 76 76 42
Potatoes 111 101 101
Canned Fruic 4.2 . 6.4 4.0
Fruict Juices 7 1.1 1.1 3.4
Camned Vegecrables 4.0 2.0 4.0
SUM 463.8 522.9 462.5

it

1.3 pg U/day 1.4 ug U/day .3 ug U/day

it is interesting to note that most of the uranium from both sites was
eliminated in the feces. 1In both locations the total uranium eliminated

was approximately 10 percent of the daily intake. At the site of high level
uranium intake, 304 micrograms per day, 17 was eliminated in the urine and
at the other site with an intake of 12.6 micrograms of uranium per day

only 0,057 was excreted in the urine. If we use these figures to calculate

the urinary excretion level for the three U. S. sites studied we should find
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from .07 to 0.1 microgram of uranium eliminated per day in the urine,
based on the intake values found of 1.3 micrograms of uranium per day.
Using the average excretion value of 1500 ml of urine per day, the concentration

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

Table 6
M OF INT AND EL TED THE OR SM IN THE TWO SETTLEMENTS
Uranium Intake (micrograms/day) Uranium Elimination (micrograms/day)
With Plant | With Animal

Settlement With Water Produce Produce Total with Urine | With Feces | Total
Under Inves- 300 4.5 > .01 304 3.2 40 43
tigation

Control 12 0.6 > ,001 12.6 0.05 1.2 1.25

)
to 0.08 microgram of uranium per liter of urine. Several publications(g)(lo)( b

have reported excretion levels of uranium ranging from 0.012 to 26 micrograms of
uranium per liter of urine.

A recent article(9) surveying the pre-employment urinary uranium levels
of 1081 employees reports an average of 5 micrograms per liter of urine with
a range of 5 to 7 micrograms. Using the calculated values of 0.05 to 1.0
percent excretion in the urine, an intake of 250 to 500 micrograms of uranium
per day, must be assumed. These values are almost as much as our studies have
found for annual intake. Table 7 reports the levels of uranium found in 11
subjects from the Chicago area. Each sample contained more than five liters of urine
and the average concentration found was 0.09 microgram of uranium per liter of
urine with a range of 0.04 to 0.18 within the range found in earlier work by the

authors(1) in the New York City area of 0.03 to 0.3.
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Table 7
URANIUM IN NON-EXPOSED PERSONNEL

(Chicago Area)

Name microgram CUranium per Liter
0.H. 0.081
H.v. 0.043
D.W. 0.054
H.W. 0.076
R.S. 0.064
R.B. 0.082
B.T. 0.162
R.W. 0.083
D.S. 0.060
D.T. 0.054
B.M. 0.182°
Average 0.09
Range 0.04 - 0.18

The concentration of uranium in tap water was inventigated in the
New York area. Table 8 gives the sampling data and the levels of uranium found.
These values are insignificant as far as total consumption is concerned and |
were not considered in our calculations. Deionized water from the laboratory
contains a factor of ten less uranium per liter than New York City tap water.

Table 9 presents data obtained from the analyses of bone samples from
the New York area. It seems that the uranium levels in boneare rather uniformily
distributed throughout the skeleton with an average concentration of 0.20
microgram of uranium per gram of ash.

Somé_lung tissue available from the New York area was analyzed for
uranium. Table 10 presents the data. The average concentration of uranium was

one(l) nanogram per gram of wet tissue with a range of from 0.7 to 3 nanograms.
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Iable 8 Isble §

IRANEYM I TAP? UATER AND DETONIZED WATER IBANTUM IN HOMAN RONE
Jass Identitication aicrogram Urgpium/gram gsh
Sample ¢ Sollsction Dete sicrogrem Uraniym per Liter

I ter ~ t B1673 Hands snd Feet .027 + 003

A8 10-22-63 .025
032 31674 Seull 026 + .008

ASS 11-19-63 .039
040 31675 Vertebrae .026 + .003

BA4 2-18-64 .029
041 676 Ribs 023 £ .005

262 6-11-64 033
038 81677 Long Bome (Shafts) 011 ¢ .001

367 7-14-64 026
.02 B1678 Long Booe (Ends) 014 ¢ ,001

Mean: 0.032 £ 0,22
B1689 Miscellansous Booes L0227 ¢ .011
Rangs: 0.026 - 0.04) (Pelvis, Clavacle Stem,
Patalla, Scapuls)
Dejoniged Wetey

A7 10-22-63 .0034 31708 Cay(P0,), 013 £ .001

AS4 11-19-63 0024
3170 Split of B1678 .013 ¢ .001

BA3 2-18-64 .0027
361 6-11-64 L0018 31690 Hands and Peet .011 ¢ .001

366 7-14-64 0024

Maan: 0.002 £ 0.2% -
Range: 0.0018 - 0.0034

Several air samples consisting of more than 1200 m3

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

meter.

Summary

Diet, urine, bone, lung, water, and air have been analyzed for
uranium. The most complete picture is in the New York area. Diet figures
available from New York, Chicago, and San Francisco are uniformily about
1.3 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 microgram per liter. Bone
and lung show low levels of uranium, and in bones the uranium is uniformily

distributed throughout the skeleton.
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Table 10

URANTUM_IN HUMAN LUNG

Wet

Weight microgram Urani
BASLE mic am Uranium/sample (grems) ———RTam wet 1\;;

X0911 0.11 97 0.001
X0912 0.10 138 0.0007
X0913 0.14 136 0.001
X0914 0.14 128 0.001
X0915 0.40 116 0.003
X0916 0.09 100 0.0009
X0917 0.14 99 0,001
X0918 0.07 74 0.0009
X0919 0.20 126 0.002
X0920 0.11 88 0.001
X0921 0.15 127 0.001

Average 0,001
Range 0.0007 - 0.003
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UPTAKE OF RADIOACTIVITY BY VEGETATION:
A FOLLOW-UP STUDY %

by
J. Jo Gabay, J. A. Dapolito, J« C. Daly, N. I. Sax

Radiological Sciences Group
Division of Laboratories and Research
New York State Department of Health

Abstract

To further evaluate the effect of time on the uptake of radio-
activity due to soil contamination, a follow-up study was initiated. The
same sub-plots were used. No additional radionuclides were added to the
soil- and foliar-contaminated plots used the year before. In the follow-
up study only corn, lettuce and tomatoes were planted. Lettuce and toma-
toes were processed and analyzed as before, corn yielded four fractionss
kernels, cobs, husks and stalks. Corn stalks were analyzed in this study
to evaluate their uptake since stalks as well as the ears are used as
cattle fodder.

In addition, a small section of each of the control plots
(40* x 52') was roped off and before planting "spiked" with 0.5mCi each
of Zn-65, Cs-137, Mn-54 and RuRh-106. The first three nuclides were
used to confirm and further study the predominant species appearing in
soil-contaminated crops in the first study; RuRh-106, to further elucidate
the 0.51 Mev region. The same crops were planted in these sub-plots as in
the others.

In general, the results follow the anticipated pattern. Levels
of activity in the crops, due to uptake, decreased with time; with crops
from the previously foliar-contaminated plots showing a significantly
greater 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.

% This study was supported by Contract PH 86-65-118 with the Division
of Radiological Health, U. S. Public Health Service.
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Introduction

The second phase of a two year study to determine some of the
parameters of uptake of radioactivity by growing vegetables is described

herein.
1
The results of the first phase have been reported elsewhere( >;
however, a brief description of the original experimental design is in
order.

Two half-acre plots about a half mile apart were used. One
plot (non-fertile) had not been fertilized, cultivated, or used for crop
growth within the past few years. The other plot (fertile) has been
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 large furrows. Five crops were planted on each sub-plot.

To determine the extent of uptake due to contamination of the
soil prior to seeding, one sub-plot from each half-acre plot was sprayed
with approximately 0.5 mc of each of 10 gamma emitting radionuclides
chosen as typical of fallout and activation product nuclides.

The second sub-plot of each half-acre plot was sprayed exactly
as the first, but not until the crops planted were in an advanced stage
of growth. This maximized foliar uptake over that due to root absorption
from soil. The remaining two sub-plots were not contaminated and were
used as controls.,

Second Phase - Experimental Design

In this second phase, two studies were conducted simultaneously:
(a) Follow-up study: to evaluate the effect of time on radionuclide up-
take due to previous soil contamination; and (b) Recontamination study:
to confirm and further study the predominant nuclides that appeared in the
soil-contaminated crops in the first phase study.

Follow-up Study

Smaller sections (40%x52') of the same sub-plots were used. No
additional radionuclides were added either to the soil or foliar contam-
inated plots used the year before and only corn, lettuce and tamatoes were
planted. Lettuce and tomatoes were processed as before, and corn yielded
four fractionst kernels, cobs, husks and stalksy corn stalks, to evaluate
their uptake, since they are used for cattle fodder, A 7 x 7 analytical
matrix (Sb-125, RuRh-106, Cs-137, ZrNb-95, Mn-54, Zn-65 and K-40) was used
to quantitate the results.

Recontamination Study

A similar section of each of the control plots was roped off
and, before seeding, "spiked" with 0,5mCi each of Zn-65, Cs-137, Mn-54 and
RuRh-106. The same crops were planted in these sub-plots as in the others,
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Spraying Procedure

Since those portions of the control plots tg be contaminated were
too small to be sprayed using the tractor as before(l » hand spraying was
indicated. Practice runs, using tap water, indicated the feasibility of
using a 2-gallon sprinkling pail. The sprinkling pail was filled from a
plastic-lined 55~gallon drum containing a dilute mixture of the four radio-
nuclides. After the drum was emptied, it was filled again with tap water
and the wash solution sprayed on the plots as before. Prior to spraying
each plot area, six 7"x9" glass fiber filter webs, each backed by a 7-1/2"

x 9-1/2" piece of absorbent paper, and six 7"x9" absorbent blotters, each
backed by a 7-1/2"x9-1/2" piece of absorbent blotter paper were arranged

on the plot as shown in Fig. 1. Subsequent gamma analyses of these specific
area papers would indicate the concentration/sq. ft. of each radionuclide
applied to the plot.

FILTER PAPER LAYOUT
FOR RE-CONTAMINATED PLOTS

PLOT CC-SPIKE

1o N 3
.| ls]
9 4
[¢]

—

2
III:] II 52 Ft.

l

l

|
40Ft. 4
START

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

WIND DIRECTION ON DAY OF SPRAYING

Fig. 1 Arrangement of filter and
absorbent papers
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All the filter pads and backing papers were removed from the
plots and placed in individual plastic bags before the plots were sprayed
with wash solution.

In addition, representative soil samples (%6 from each plot) were
taken, following the method of Greweling and Peach(2 .

Sample Collection and Preparation

During the summer, the plots were continually tended. Due to the
prevailing drought condition, the plants were hand-watered with water hauled
or pumped from a nearby creeks The drought was temporarily relieved by a
severe wind and rain storm which inflicted heavy damage to the growing crops.
Over an inch of rain, accompanied by high winds and hail, fell in less than

one-half hour.
The estimated damage to the crops wast
Lettuce : - 90 per cent lost - had to be replanted
Tomatoes 3 - 30 per cent lost
Corn $ - 10 per cent lost

The crops were harvested daily at the end of the growing season,
and prepared and analyzed as before.

Results and Discussion

Since this was a two-part study, the results of each part will
be discussed separately.

Follow-up Study

In this phase, the effect of time on soil uptake was evaluated.
Lettuce

The averaged results for lettuce are presented in Table I.
With the exception of ZrNb-95, and possibly Sb~125, uptake of all radio-
nuclides is demonstrated. Soil uptake is fairly constant with apparently
little difference between the previously-contaminated soil and foliar plots;
an exception is noted for Zn-65 in the nonfertile plots, the previously
foliar-contaminated plots showing about twice as much uptake as the soil
plots. Soil fertilization, again, appears to be effective in reducing uptake
of Zn-65 and RuRh-106, but remains unclear for the other radionuclides. High
concentrations of RuRh-106 are seen in the nonfertile control plots. These
are higher than any RuRh-106 activity from the contaminated plots and are
due probably to the severe rain and windstorm described above.

In order to make a meaningful comparison of these with those
obtained last yfas (1964), the averaged data from Table I and the 1964
lettuce resultsil/ were again averaged, by plot, to give a single annual
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average for each nuclide according to plot. This is shown in Table Il.

"No harvest" periods were not averaged, and an arbitrary value of 10 pCi/kg
was assigned to all "below sensitivity” values for averaging purposes.
Comparison for ZrNb-95 was not made since all results for Impact 65 were
below sensitivity,

Table 11

Effect of Time on Uptake by Lettuce

NOTEs ™1964" indicates the average radionuclide concentration in lettuce
grown on plots contaminated that year.
*1965" indicates the average radionuclide concentration in lettuce
grown on plots contaminated the year before.
"Ratio 64165 indicates the fraction of average radionuclide con-
centration seen in 1965 as compared with 1964.
“Expected Decay Ratio” is the fraction expected 1f the only process
operating was radiocactive decay.
FOLIAR CONTAMINATED
Fertile Plots Nonfertile Plots
Expected Expected
1964 1965 Ratio Decay 1964 1965 Ratio Decay
Nuclide 1 /k 1/k 64165 Ratio {pCi/kg)  (pCi/ka) 64165  Ratlo
Zn-65 11633 353 130,03 110,36 4828 1159 130,24 110,36
Cs-137 9684 42 130,004 130,98 1908 64 130,03 130,98
Mn-54 9910 24 110,002 130,42 838 70 110,08 130.42
Sb-12% 5729 58 110,01 140,77 606 33 1:10.0%5 130.77
RuRh-106 11134 190 130,02 110.5% 1139 363 110.31 130,50
SOIL CONTAMINATED
Fertlle Plots Nonfertile Plots
Expected Expected
1964 1965 Ratio Decay 1964 1965 Ratio Decay
Nuclide 64165 Ratio k Ci/k 64165 Ratlo
- [1¢ .
Cs-137 110,60 110.98 110,39 110,98
Mn-54 46 13 110,28 110,42 89 49 180,55 1:0.42
RuRh-106 166 172 121.0% 130,50 239 27 121.1% 130.50
Sb-125 8% 10 110,12 110,77 27 36 121,33 110.77

Soil fertilization is apparently effective in reducing uptake by lettucc
The fraction of average radionuclide

concentration seen in 1965 as compared with 1964, 1.e., ratio 64165, is, with one

grown on plots contaminated the year before.

exception, always higher in the nonfertile plots.

The exception, Cs-137 in the

soil contaminated fertile plot, probably occurs because small numbers are beling

compared.

Certain radionuclides, such as Cs-137, ZrNb-95 and Sb-125, are apparent

ly rapidly fixed by this type of soil and are unavailable to the plant.

Antimony and zircon%gw have very limited solubility in soil and would

not be available to the plant

Cesium, particularly micro- or carrier-free

amounts, is strongly fixed on ctiysTinerals which accounts for its lower concen-
’ *

tration in plants than in soils

4]
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avai%ability to plants is retarded by the strong absorptive forces in
s0il{6), An increase in the amount of available potassium would tend
to red?%? these retentive forces thus maki?g cesium more available to
plants‘ '/, However, Auerbach and Crossley ) found that in uptake of
Cs-137 by corn, Cs-137 concentrations were not directly related to po-
tassium concentration.

Addition of large amounts of labile Ca+2 to the soil would
tend to free or solubilize less than 10 per cent of the added carrier-
free Cs-137 and plants grown thereon would be expected to take up minimal
amounts of the nuclide\v), However, when organic matter is responsible
for a large fraction of the total exchange capacity of the soll, the
adsorption a?d consequent fixation of Cs-137 on the clay minerals are
much reduced 9).

The relatively low solubility and/or unavailability of these
nuclides is demonstrated by the comparatively low average specific
activity from plots typical of soil contamination. For them, the im-
portant mode of uptake is foliar deposition. The other radionuclides,
i.e., Zn-65 and RuRh-106, indicate the availability from the soil,
although foliar deposition is still the major mode_ of uptake.

Uptake of Zn-65 and RuRh-106 is strongly influenced by soil
pH, since they are mo?t sgluble, and therefore available to the plants
under acid conditions{3:5), As the pH of the soil increases, they will
precipitate as hydroxides and would no longer be available. Complex
ions such as nitrosylruthenium (RuNO) may be formed, and may result as
the metal being present unc?asged or as an anion and as such, would tend
to be soluble and available'®/,

Manganese would be expected to behave similarly to zinc and
ruthenium. While non-fertile plots indicated somewhat greater uptake
than fertile plots, reflecting the increased pH due to fertilization;
overall, the uptake of Mn-54 was barely detectable.

If radioactive decay was the only effective uptake-reducing
process, then it would be expected that the ratio 64165 would always
be equal to or, more often, less than the Expected Decay Ratio, since
uptake from the soil is usually 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 folliar plots was available to
the soil. The only valid relationships that can be established with
foliar plots are: (1) fertile plotst 3 per cent or less of the initial
radionuclide concentration was observed after one year, and (2) non-
fertile plots: as much as 31 per cent of the initial concentration was
observed after one year. In all cases, the fraction of initial concen-
tration observed one year later was always higher in the nonfertile plots.

The soll contaminated plots permit a direct comparison. In
the non-fertile plots, Ratio 64365 is higher than the Expected Decay
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Ratio for Mn-54 and Sb-125. However, we are again comparing small
numbers and the validity of such a relationship is doubtful. The
fraction of Zn-65 and RuRh-106 concentration, observed one year later,

is greater in both fertile and nonfertile plots than that expected, due
to radioactive decay alone. For RuRh-106, it is greater by a factor

of 2, while Zn-65 agrees closely with the expected fraction due to radio-
active decay, at least in the fertile plot. This suggests some process
in the soll influencing the biological half-life. We cannot speculate on
what this may be; further study is required to determine possible
mechanisms.

Tomatoes

Uptake by tomatoes for Impact 65, is shown in Table III.
As before, Zn-65 is predominant; lesser concentrations of Cs-137 were
also observed. Except for minimal amounts in the nonfertile plots,
Mn-54 was not detectable. None of the other radionuclides were observed.
The nonfertile plots again indicated higher concentrations than the
fertile plots,

A single annual average for each nuclide, according to
plot taken from the data in Table III and the-1964 tomato results is
presented in Table IV. Only Zn-65 and Cs-137 are evaluated.

Table 3II

take T 11 4
Codes As in Table I

) Ce-137 Mo-54

P /r/m 8/16~ 9/1- 9/16- 8/15- 9/1~ 9/16- 8/16- 9/1-  9/16-
y 7 15 0 a1 13 30 N 1s 30

FC % N 9lall 23,412 N L4t N t N

FF 316439 356437 274418 28423 36a12 4346 % % %

4 309454 382485 265415 33,22 % 2825 Y x 2
NFC 115429 " 1la 8 16all 10a 9 But * t %
NFF " 655,493 652427 N 66433 a7 M x 8a7
NFS 371491 418439 439420 3534 39a13 51a6 & 16412 12a6

RuRh-106 5b-123 ZrNb-95

FC N N N N 16418 % % N N
FF x Y * " x % % x 2
FS " % % 2 2 % * % %
NFC % % * % 16414 % 1210 &
NFE » % % NH 2 % N 2 "
NFS % x 2 % & t " 3 %
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Table IV

Effec:t of Time on Uptake by Tomatoes

Code: As in Table II

FOLIAR CONTAMINATED

Fertile Plot Nonfertile Plot
Expected Expected
1964 1965 Ratio Decay 1964 1965 Ratio Decay
Nuclide (pCi/kg) (pCi/kg) 64165 Ratlo (pCi/ka} {pCi/kg) 64165 _Ratio
Zn-6% 2,307 316 1:0.14 1:0.36 2,988 654 1:0.22 110,36
Cs-137 2,008 36 130,02 1:0.98 3,955 68 1:0.02 1:0.98

SOLL CONTAMINATED
Zn-65 1,216 309 120,25 1:0.36 2,18% 409 110.19 110,36
Cs-137 38 24 110,63 130,98 152 42 130.28 11:0.98

No unusual relationships are observed here. In both cases the frac-
tion of radionuclide concentration obscrved one year later is laess than that
expected due to radicactive decay alone, indicating no apparent influenct on
the biological half-life.

Corn

Untake by the thres cown frantlons is shown in Table V.
Zinc-65 again predominates in all three fractions. The nonfertile plots
show the grcater uptalke, indicating the effectiveness of fertilization in
reducing uptake from the scil. Smaller amounts of Cs-137 are also observed.
The concentrations in the fertile plots are approximately equal to those in
the control plots. It is difficult to tell whether this reflects normal
fallout or is attributable to the windstorm of July 18. Minimal amounts of
Mn-54 are scen in the nonfertile plots only; and, as before, no soil uptake
of RuRh-106, Sb-125 or Zrlb-95 is observed.

A single annual average for each nuclide, in each corn
fraction, according to plot, taken from the data in Tavle V and the 1964 corn
osultsid , is presented in Table VI. Cnly Zn-05 and Cs-137 aze avaluated.

Py

Considering the relationships for the previously foliar contaminated
fertile plots, 7-15 per cent of the initial Zn-65 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-65 concentration in all fractions, again indicating
the effect of fertilization.

In the previously contaminated soil plots, the fraction of Zn-65
concentration observed one year later was greater, for all three corn frac-
tions, than that expected due to radioactive decay alone, but only in the
fertile plots. The nonfertile plots approached the expected decay ratio
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Table V
Uptake by Corn Fractions (pCi/kg)
Code: As in Table 2

Zn-6% Cs-137
KERMBLS coBs HUSKS KERMELS COBS HUSKS
7 9/1- 9/16- 9/16- 10/1- 9/16- 9/1- 9/16- 9/16~ 10/1- || 9/16-
D 15 30 20 13 30 15 30 30 13 20
K NH 159al4 102430 NH 221430 NH 384 5 a4 8 NH 39412
FF NH 1500435 841438 823,122 || 47s.38 NH 34 3 48210 66435 [l 39413
FS NH 885427 590438  690x B4 || 345436 NH 264 6 40213 42423 || 42414
NFC NH " N N " NH 29 6 0all 42426 || 34413
NFF NH 3210485 || 1900463 NH 1200450 NH 10210 || 10412 NH 86414
NFS 17504167 | 1570a%8 || 1150448 NH 728440 90432 79411 712 NH 53413
Mn-34 RuRh-106
K NH 1% 5 12 8 NH . NH * . N N
FF NH x 3 * ® NH * 3
Fs NH * " % 4 NH 2 " * %
NFC NH 2 N " * NH * % * *
NFE NH . " NH 2614 NH " % NH &
NFS * 22410 17212 NH 21413 * ' " NH N
-125 Zrhb-95
K NH * * WH . NH . . NH *
FF NH N * * * NH * t . s
Fs NH " & " " NH N 2 * N
NFC NH X * x x NH x 3
NEF NH * . NH . NH . " NH 2
NFs | " N * NH N 2 ' * NH .

but never exceeded it. Correspondingly, the fraction for Cs-137 was always
greater in the fertile plots. Whatever process influencing the biological
half-life was apparently affected by fertilization of the soil.

Recontamination Study

Upon reviewing the results obtained in this study, and comparing
them with similar results from the 1964 study, it became apparent that the
concentrations of Zn-65 and RuRh-106 in the crops were only equal to or
lower than {h?se obtained from the same crops grown on soil contaminated the
year before'l), Three possible reasons were assigneds (1) not all of the
radionuclides were delivered to the plot during the spraying operation,

(2) the vendor did not supply us with the correct amount of radionuclides,
or (3) for some reason all three crops showed reduced soil uptake of Zn-65
and RuRh-106, Each of these possibilities was examined in turn.

Examination of the survey meter readings taken during the dilution,
transfer and spraying operations, indicated that less than 5 per cent of the
total gross activity was left behind on bottles, drum and spraying can.

The amount of each radionuclide actually delivered to the plots
was determined by gamma analysis of the filter paper systems and soils.
The concentration of each radionuclide per unit area was determined, then
extrapolated to yield the amount of each nuclide delivered to the plot.
These are given in Table VII,
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Table VI
——,
Effect of Time on Uptake by Corn Fractions

Code: As in Table II
Fertile Plot Nonfertile Plot
Expected Expected
1964 1965 datio Decay 1964 1965 Ratio Decay
Nuclide  {pCi/kg)  (pCi/kg) 64165  Ratio (pCl/kg)  (pCl/kg) 64165  Ratio
CORN_KERNELS
Foliar Contaminated
Zn-65 10,140 1,500 1:0.15 1:0.36 17,725 3,210 1:0.18 1:0.36
Cs-137 4,752 34 110.007 1:0.98 13,682 102 1:0.007 1:0.98
Soil Contaminated
Zn-65 1,412 885 1:10.63 1:0.36 5,332 1,664 1:0.31 1:0.36
Cs-137 65 26 1:0.40 1:10.98 255 84 13:0.33 1:0.98
CORN_COBS
Foliar Contaninated
Zn-65% 11,222 832 1:0.07 110.36 16,730 1,900 1:0.12] 1:0.36
Cs-137 7,845 57 1:10.007 1:0.98 17,300 104 1:0.006 1:0.98
Soil Contaminated
Zn-65 1,093 640 1:0.59 1:0.36 5,818 1,150 1:0.20 1:0.36
Cs-137 76 4l 1:0.54 1:0.98 294 71  1:0.24 1:10.98
CORN HUSKS
Foliar Contaminated
Zn-6% 4,31% 475 1:0.11 1:0.36 6,728 1,200 1:0.18 1:0.36
Cs-137 6,005 39 1:0.006 1:0.98 13,460 86 1:0.006 1:0.98
Soil Contaminated
Zn-65 519 345 110.66 1:0.36 2,298 728  1:0.32 1:0.36
Cs-137 70 42 1:0.60 1:0.98 198 53 130.27 1:0.98
Table VII
Radionuclide Concentration Deposited on Each Plot
Fertile Plot Nonfertile Plot
By Filter By Soil By Filter By Soil
Nuclide Paper Analysis Analysis Paper Analysis Analysis
RuRh-106 0.133 mc 0.179 0,088 0.186
Cs~137 0.511 0.451 0,441 0.501
Mn-54 0,462 0.391 0.448 0.476
Zn-65 0.141 0.134 0.110 0.131

Relative to each other, less Zn-65 and RuRh-106 was delivered

to the plots.

Zn-65 and RuRh-106 we received was low by factors of 3 to 5.

l0u1308
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Lettuce

Results for uptake by lettuce from contaminated soil for Impact
64 and 65 are compared in Table VIII. Results below sensitivity were assigned
an arbitrary value of 10 pCi/kg. "No harvest" periods were not averaged,
neither were the error values for Impa:t 5.

Table VIII

Lettuces Comparison Impact 64 and 65
(pCt/kg)

Codes P = Plot Type
HP = Harvest Period

P/

/_HP 1 2 3 4 5 6 Average Ratlio 64165
Zn-65

FS-64 224 244 NH NH 2310 373 789 110,36
FS-65 402 142 269 213 402 NH 286
NFS-64 844 346 1240 1650 1220 NH 1060 111,08
NFS-65 965 947 552 869 2240 NH 1115

Cs=137
FS-64 103 77 NH NH 141 x 83 113.89
FS-65 600 300 236 138 340 NH 323
NFS-64 8% 87 158 207 108 NH 129 115.45
NFS-65 460 477 542 473 1570 NH 704

Mn-54

FS-64 69 49 NH NH 57 2 46 118.08
F5-65 697 280 277 217 587 NH anr
NFS-64 x % 109 186 131 NH a9 1111.92
NFS-65 909 683 652 722 2340 NH 1061

RuRh-106
FS-64 177 105 NH NH 253 129 166 110,59
F5-65 148 114 103 44 80 NH 98
NFS-64 198 168 202 323 303 NH 239 150,72
NFS-6% 347 198 158 145 X NH 172

Averaged uptake of Zn-65 and RuRh-106 were lower by factors
of 1.5 to 3, for Impact 65, than in Impact 64. Only Zn-65 in the nonfertile
plots showed equal averaged uptake for both years. Surprisingly, however,
both Cs-137 and Mn-54 levels were substantially higher for Impact 65, i. e.,
Cs-137 by factors of 4-5 and Mn-54 by factors of 8-12. 1In fact, Mn-54
which was barely detectable in the fertile soil plot in 1964, was very much
in evidence in 1965. This is more typical of the predicted behaviour of the
Mn-54 under these conditions. It is possible that this is due to a drastic
change in soil pH during Impact 65, but this is unlikely since the type and
amounts of fertilizer used were the same for both years. Since we are reason-
ably sure of the amounts of Cs-137 and Mn-54 delivered to the plots in 1965,
one may only speculate as to the accuracy of the radionuclide standards used
for Impact 64,
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In general, the patterns observed were similar for both
phases. The nonfertile plots showed substantially higher concentrations of
all four radionuclides than did the fertile, confirming the effectiveness of
fertilization in reducing uptake by lettuce. In the fertile plots, Mn-54,
Cs-137 and Zn-65 were the dominant nuclides. Zinc-65 and Mn-54 were the prin-
cipal nuclides appearing in the nonfertile plots, with Cs-137 also showing
considerable activity. Ruthenium Rhodium-106 was also present in lettuce
from both plots, but in lesser concentrations. Interestingly, a peaking
effect was noted in the Impact 65 nonfertile plots with Zn-65, Cs-137 and
Mn-54 during the last harvest period, but not for RuRh-106.

Tomatoes

A similar comparison for tomatoes is made in Table IX.

Tsble IX

Tomatoes:s Comparison Impact 64 and 65
(pCi/kg)
Code: As in Table VIII

P/
/HP L 2 3 4 Average Ratio 64165
2n-65
FS-64 1280 903 1340 1340 1216 1:1.52
FS-65 NH 3085 655 NH 1855
NFS-64 3460 2020 1910 1350 2185 110.42
NFS-65 1329 676 787 NH 931
Ce-137
FS-64 % " 64 67 38 116.10
FS-65 NH 399 66 M 232
NFS-64 170 137 129 1 152 1110
NFS-65 201 106 145 NH 151
Mn-54
FS-64 N 2 N " 10 113.0
FS-65 NH N 50 NH 30
NFS-64 * x " % 10 113.0
NFS-65 t 42 38 NH 20
RuRh~106
FS-64 108 56 " " 45 110.22
FS-65 NH * x NH 10
NFS-64 42 % N " 18 110.55
NFS-65 % 1 % x

As in Impact 64, only Zn-65 and, to a lesser extent, Cs-137 showed
uptake from soil., Average concentrations of Zn-65 and Cs-137 in tomatoes
were variable in comparing Impact 64 to 65, No definite pattern could be
established.
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Soil fertilization does not appear to be effective in reducing
uptake by tomatoes. The reverse was observed in Impact 64. This apparent
anomaly may be due to a possible concentration peak observed in the fertile
plots 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 four in Impact 64, tend to make the effect of fertilization uncertain.

Corn

The averaged results of corn fraction uptake for Impact 65
are given in Table X to indicate the extent of uptake by stalks which were
not sampled during Impact 64.

Corn stalks showed the greatest uptake with all four radio-
nuclides. The predominant nuclide was Zn-65, and approximately 50 per cent of
the Zn-65 activity in the corn was concentrated in the stalk. Cesium-137 and
Mn-54 showed little activity in the other fractions, but definite concentration
in the stalks (more than 65 and 90 per cent respectively, of the total activity).
The stalks alone showed concentration of RuRh-106.

IMBLE X
Impact 65, Corn Results

Code:r P = Plot Type
HD = Harvest Date

KERNELS coBS HUSKS STAIKS
P// 9/1- 9/16- 9/16- 10/1 9/16- 10/1-
/' 15 30 30 15 30 15
Zn-65
(pCi/kg)
FS NH 885427 5904 38 690484 345436 19604401
FS NH 838431 5494 29 NH 295433 15304222
NFS 17594167 1570458 11504 48 NH 728440 4130385
NES NH 1520485 10704128 NH 445447 21304293
Ce-137
(pC1/kg)
FS NH 262 6 40a 13 42423 42414 2424131
FS NH 43z 7 66s 9 NH 58413 10204110
NFS 90432 79211 7a 12 NH 5313 3204100
NFS NH 262423 2894 46 NH 138420 6944117
Mn-54
(pCl/kg)
5 NH x x Y % 1752151
FS NH 392 8 302 9 NH 47314 11002123
NFS x 22,10 174 12 NH 21413 5724132
NFS NH 188423 1594 48 NH 14421 14202171
RuRh-106
(pCi/kg)
FS NH N * X x 8524684
FS NH x & NH * 6004423
NFS x " " NH & 7344503
NFS NH " " NH & 5794499
49
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The average uptake by corn fractions, from contaminated soil
for Impact 64 and 65 are compared in Table XI. Stalks are not included.

Table XI
Corns_ Comparison Impact 64 and 65 (Averages onl
Kernels Cobs Husks
Ratio Ratio Ratlo
Plot Average 64365 Average 64365 Average 64165
Zn-65
FS5-64 1412 130,59 1093 110,50 519 130.56
F5-65 838 549 29%
NFS-64 5332 110,28 5818 110.18 2298 110,19
NFS-65 1520 1070 445
Cs-137
FS-64 48 110,89 76 110.86 70 1:0.82
FS-65% 43 66 58
NF5-64 255 131,02 294 110,98 198 110,69
NFS-65 262 289 138
Mn-54
FS-64 10 133.9 10 183,0 10 134.7
FS-65 39 30 47
NFS-64 10 1118.8 10 111%.9 16 1314.4
NF5-65 188 159 144
RuRh-106
FS-64 10 151.0 10 131.0 10 111.0
FS-65 10 10 10
NFS5-64 10 131.0 10 111.0 10 111.0
NFS-65 10 10 10

The average concentration of Zn-65 was, as expected, lower by
factors of approximately 2 for the fertile plot and 5 for the nonfertlle.
The ratios for each fraction were quite consistent with each other. Cesium-
137 showed approximately equal concentrations in both phases. Definlte
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 elther year.

The nonfertile plots again showed higher concentratlons of all
four radionuclides, confirming the effectiveness of soil fertilization in
reducing uptake by corn.

Conclusions
Considering the two sub-phases as part of one overall study and

the uncertainty of the accuracy of the radionuclide standards used, the
following conclusions can be made:
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lo Soil uptake is slower and more selective. Only Zn-65
and Cs-137 showed appreciable concentration in all the crops. Manganese-
54 and RuRh-106 were not seen to any great extent except in lettuce and
corn stalks.

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

3. In general, fertilization of the soil 1s quite effective
in reducing uptake due to soil contamination, Most fertilizers tend to
increase soil pH reducing the solubility of ions such as zinc, ruthenium
and manganese and making them less available to the plant.

In modern agriculture, three inorganic fertilizer elements
are commonly added to soils. These are nitrogen, potassium and phosphorus,
Potassium is added as a salt that will furnish soluble K' in soils; nitrogen
may be added either as the cation, NHg% oT as the anion, NOj .

Considering the complementary ifon effect, 1t would be expected
that NH4 or K¥ ion would liberate a considerable amount of fixed Cs-137
into a labile form. If, however, nitrogenous fertilizer is added as
Ca(NOz),, this fertilizer would be expected to have little effect on the
flxed Cs-137.

On this basis it could be predicted that the addition of
Ca(NO3), fertilizer would have little effect on the uptake of Cs-137 by
plants. If the nitrogen is supplied as (NH,),SO4, considerable increase
in uptake of Cs-137 might be expected. From the same considerations, it
could be expected that if Kt is added as K»>SO4 in the same amounts as the
NH4+, the added K+ would increase the uptake of Cs+ to about the same degree

as would NH4t.

These considerations take into account only inorganic soll chemical
principles. They do not consider the possible effects of microbiological
oxidation of NH4+ to NO3- nor do(§9ey take into account possible ion competi-
tion in plant uptake by the root

4. lettuce, and perhaps corn stalks, appear to be excellent in-
dicators of gamma-emitting contamination in the environment. Both sample
types showed concentration of all radionuclide species used.

5. In the case of a contaminating event, foliar deposition would
be the important mode of uptake if it took place when the crops were in
some advanced stage of growth. Assuming no further contamination, then
vegetables grown on those plots a year later will show only a fraction of
the original activity. This will depend on the type of crop, radionuclide
species and extent of fertilization. Crops grown on fertile plots showed
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from <1-15 per cent of the original activity a year later; while the same
crops grown on nonfertile plots showed from 25-65 per cent of the original
activity,

Should deposition occur on the soil only, i.e., before seeding,

the initial radionuclide concentration of crops grown on those plots will
be substantially smaller than if the mode of deposition were foliar. Nor,
will the reduction in activity in crops grown a year later be as great be-
cause of the continued availability of the radionuclides from the soil.

6. The difficulties encountered in establishing the rellability .

and accuracy of radionuclides used point very definitely to the need for
establishing laboratory competency in standardization of radionuclides.

of
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HIGHLIGHTS OF THE Y-12 BIOANALYSIS LABORATORY OPERATION

R. H. Kent

INTRODUCTION

For those who have not had the opportunity to visit the Oak Ridge Y-12 Plant, (@) an overall
view is given in Figure 1. Perhaps not as well known as our sister plant, the Oak Ridge
National Laboratory, it has approximately 4500 employees working on o rather wide range
of projects. A large portion of these projects involve materials which, with indiscriminate
handling, could create a toxicological or radiological health problem. In order to assure
ourselves that no one is being subjected to hazardous conditions, the Health Physics and
Industrial Hygiene Departments at the Y-12 Plant maintain a close check on all Plant per-
sonnel, and the Bioanalysis Laboratory, in support of these groups, analyzes a rather large
number and variety of samples. Table | gives a list of the more common types of analyses
performed by this group. Rather than concern you with a description of each type of analy-
sis, | want to discuss only three. These procedures have been chosen because of their low
cost and the short time involved.

ENRICHED URANIUM IN URINE

A few years ago, the Y-12 Bioanalysis Laboratory was analyzing approximately 800 urine
samples per week for enriched uranium. This number is more than most laboratories analyze
in a two-month period. Because of this large volume, a method of analysis had to be de-
veloped that was both rapid and inexpensive while, at the same time, reliable. Electro-
plating was chosen as the method of analysis because it offered the best possibilities for
meeting these requirements. After operating for several years with o manually adjusted
system, a semiautomatic apparatus was developed. This system, shown in Figure 2, consists
of a bank of 24 plating cells. Each cell is individually controlled by a servo mechanism
which maintains a constant current and voltage during the thirty-minute plating time. Twenty -
milliliter aliquots are used that require no previous treatment, such as digesting with acid or
pH adjustment. The high current density (230 milliamps/cm?) is sufficient to give a con-
sistent recovery of 73+ 5% on a 1.3 d/m/spike. Comparisons of this method with other
methods indicate that any complexes being formed in the urine which might inhibit plating
are broken up in the electroplating operation. The big advantage in this method of urinal-
ysis is that the cost of analysis is very low since only 12 minutes of the analyst's time per
analysis are required and nontechnical personnel can be used.

(@) Operated for the US Atomic Energy Commission by the Union Carbide Corporation-
Nuclear Division,
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Table )

SOME COMMON TYPES OF ANALYSES PERFORMED BY
THE Y-12 BIOANALYSIS LABORATORY

Urine Samples

U-234 U-238 Pb Sr
U-235 Hg Pu Po-210

Feces Samples
U-234 Po~210

Reactor Samples

U-232 Pu-238 Np Cm
Th-238 Py-239 Am

Process Solutions

U-235 Np
U-238

Miscellaneous Samples

H-3 & Hg in Holf Heavy Water Hg in Zinc
Hg in Lithium Compounds H=3 in Gases
Fission Products (Zr-INb, Ru-Rh, Pa) Po in Blood
Tc=99 in Pellets

MERCURY IN URINE

One of the Laboratory's most successful analyses is that for mercury in urine and other solu-
tions. The mercurometer and filtering equipment we use in the analysis are shown in Figure
3. Our limit of error with this method is + 9.0% at the 0.4 ppm level, with a lower limit of
detection of 0.01 pg/ml. This limit is lower by a factor of 100 than can be obtained by
atomic absorption methods. The method of operation for urine is as follows (other solutions
which may require a lower sensitivity are handled in the same manner except that o 100-
milliliter aliquot instead of 10 milliliters is used):

The samples are filtered through o material which consists of asbestos fibers that have been
heated to 800° C in a muffle to destroy any combustible material and then mixed with cad-
mium sulfide. A small pad of this material is placed in the bottom of a Gooch crucible at-
tached to o vacuum manifold. The sample is allowed to filter through this pad. Any mercury
present is trapped as the mercuric sulfide by exchange with the cadmium. The pads are
washed with water, then alcohol, and finally dried for approximately twenty minutes. The
pads must be thoroughly dry so that no water vapor enters the instrument. Known standards
are prepared at the same time using 0.1 to 0.8 pg/ml solutions of mercuric nitrate. The
crucible containing the sample is then placed in a down-draft furnace connected to a
General Electric instantaneous mercury vapor detector. Since the furnace is maintained at
1200° F, any mercury present readily volatilizes and is detected by the vapor detector. An
integrating device is attached to the vapor detector which gives the result in counts per four
minutes. (Four minutes is the amount of time required to completely vaporize and detect any
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mercury present.) A factor, using .this count rate on the standards, can readily be made for
use on the unknowns. The Y-12 Quality Control Department routinely sends in spiked urine
samples at these levels bracketing the maximum permissible level (0.3 ppm) plus a blank under
fictitious names. These values are reported monthly andresults over the years have been quite
good. We have had very little trouble with this instrument and it also lends itself very read-
ily to the analysis for mercury in plant effluents, lithium compounds, and presently on core
drillings for zinc mine explorations. This method of analysis was originally brought to our
attention by an article in the December 1956 issue of "Industrial Hygiene Quarterly of Work-
men", Moffett and Doherty.

Recently the procedure has been refined as to the method of sample introduction and readout.
Approximately four samples can 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 apretreatment of the urine. Use of a muffle furnace rather than a bunsen burner
gives a better control of the temperature and, consequently, a more reproducible rate of mer~
cury volatilization from sample to sample. The vapor detector, also seen in Figure 3, is in-
stalled in a hood. This precaution is advisable since a large number of samples are run and
this prevents contamination of the laboratory.

POLONIUM-210 IN URINE

Recently the Bioanalysis Laborotory had occasion to analyze urine for polonium=-210. This
job seemed to involve a simple procedure since much has been written in the literature on
this analysis. We decided to use a spontaneous-deposition method on nickel foil at an el-
evated temperature. This method is similar to that described by Feldman and Frisch at the
University of Rochester, (b) Spiked solutions gave recoveries of approximately 98% which
are certainly acceptable except that we soon found out that samples which required both a
polonium analysis and a uranium analysis by electroplating gave higher counts by electro~
plating than spontaneous deposition, and when these urines were analyzed chemically for
uranium the difference could not be completely accounted for. Flaming of the electroplated
discsreduced the count, which was another indication that polonium was plating on the nickel
disc and not uranium. This discrepancy indicated that for some reason certain urines had
polonium complexed in such a manner that it would not spontaneously plate, although when
spikes were added to raw, unexposed urine, the recovery indicated 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 was stirred at a medium speed, and the temperature of the water bath in which the
plating cells were placed was maintained at 90° C. Plating confinued for two hours with
the sides of the cell flushed down after one hour.

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

(b) Anal Chem, p 2024; December 1956.
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Table 11

COMPARISON OF METHODS OF ANALYSIS FOR
POLONIUM-210 IN URINE

Concentration (d/m/24 hours)

Raw Digested
Spontaneous Spontaneous
Specimen Date Electroplated Deposition Depasition
L 3-6 49.6 37.9 63.1
S 3-7 135.8 40.4 142.0
P 3-6 9.0 44.2 92.3
K 3-20 4.0 5.4 8.0
P 3-20 10.4 25.8 42.4
M 3-21 9.6 9.6 29.6

tissue and fecal matter. The procedure used in this experiment was to take a 24-hour void-
ing from a subject known to be excreting polonium. Seven aliquots were taken from this
24-hour voiding and the results determined. The results are summarized in Table IlI.

Table il

EXPERIMENTS TO DETERMINE EFFECT OF ASCORBIC
ACID ON POLONIUM ANALYSIS

Results
Experiment Sample Treatment (c/30 min)

1 Raw urine - electroplated by enriched uranium plating method. 90

2 Row urine = no ascorbic acid - no digestion - 0.5 N HC] - 40
volume adjusted to 100 mis.

3 Raw urine - 200 mgs ascorbic acid = 0.5 N HCI - volume 7N
adjusted to 100 mls.

4 Digested with HNO3 and HCIO 4 - neutralized - 200 mgs 62
ascorbic acid - 0.5 N HCI - volume adjusted to 100 mls.

5 Digested with HNO3 and HCIO 4 - neutralized - no ascorbic 86
acid - 0.5 N HC| ~ volume adjusted to 100 mls.

6 Repeat of Experiment 5. 73

7 Digested with HNO3 and HCIO 4 ~ neutralized - 200 mgs o1
ascorbic acid - 0.5 N HCI - volume only cdjusted to 50 mls.

8 Residue from Experiment 2, 48

With the exception of Experiments 1 and 7, all aliquots were made to 100 milliliters. The
result in Experiment 1 was adjusted to that of a volume of 100 milliliters. The data indicate

that ascorbic acid did not improve the recovery and that much greater recovery could be ob-
tained by digesting the urine specimen first. As a further check on whether the polonium was
remaining in solution, the remaining solution in Experiment 2, after two hours of plating,
was removed, digested, and the acidity adjusted to 0.5 N in HCl (Experiment 8). As indi-
cated, 48 counts were obtained. This number added to the 40 obtained the first time gave
88 counts, which is comparable to Experiment 5. This result, to us, indicated that unless
specimens were predigested to physically break up any complexes existing, there was the
possibility of reporting exposures too low and that although there may be some ion in these
solutions that is inhibiting the plating, ascorbic acid for one is not sufficient to complex
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this jon. It should be pointed out that not all urines we analyzed showed this discrepancy
between digested and nondigested urine, which might indicate that this phenomenon is a
product of the individual's diet. Unfortunately, or fortunately depending on which way you
look at it, we did not have but a few people excreting measurable amounts of polonium and
these for only a few weeks. Thus, we were prevented from getting as much data as we would
have liked. When looking at the results indicated in Table ill, it wouldseem that a prefer-
able way to analyze for polonium would be by electroplating and thereby eliminate the time
involved in digesting the urine. In plants where the only exposure potential is polonium this
would probably be true, but where there is also uranium present, the uncertainty of whether
it is polonium or uranium removes this method as a possibility.

In conclusion, | would like to point out that the analytical methods here are not unique but
do offer the advantage of economy. The cost of performing the mercury and uranium analyses
in urine is lower by a factor of approximately 20 from that of such other methods as solvent
extraction or ion exchange, while at the same time accuracy has not been sacrificed. In
addition, only a small aliquot of urine is needed for these analyses which allows specimens
to be taken on the job rather than subjecting the employee to the inconvenience of a 24~hour
collection. Finally, it appears that metabolized polonium may behave differently than or-
dinary polonium which is added as a spike and, therefore, gives a false indication of recovery
efficiency.
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A PRECIS OF THE PROPOSED LUNG MODEL

Paul E. Morrow

Departments of Radiation Biology and Biophysics,
and Pharmacology

University of Rochester, Rochester, New York

The lung model currently used by the International Commission on
Radiological Protectionl and other groups to estimate radiation dose from
inhaled radioisotopes is well known for its simplicity and general utility.
It has served a wvery important need of the health physicist.

In relationship to the information available on dust deposition and
clearance, air sampling techniques and instrumentation, and on radioactive
hazard evaluation generally, it became apparent that this simple model did
not utilize this knowledge to any important degree. In order to bring about
an increased utilization, a new model of greater flexibility and complexity
was indicated. Since dust sampling is so fundamental to health physics and
to environmental assay in particular, it seemed appropriate to build a model
around this basic procedure. Of course, this would have its main effect on
considerations of deposition.

Clearance, on the other hand, had to be described in terms of the
different regions of the respiratory tract and the major redistribution pathways
and mechanisms in order to bring this portion of the model up to the same level
of sophistication, The ambiguity of "soluble" and "insoluble" dusts had to be
eliminated but the basic concept that the physical-chemical properties of the
dust are important in clearance needed expansion so as to emphasize the impor-
tance of this factor in retention. Finally, it was recognized that some
cognizance of the variable nature of respiratory performance under different
work loads was needed. With these general ideas in mind, Committee 2 of the
ICRP created a Task Group to undertake the creation of a new lung model and
the fo%lowing discussion will briefly describe the essence of the Task Group
report<,

Deposition Model

The experimental 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
theoretical work, Findeisen's respiratory model3 was selected mainly because
of its simplicity, but the method of calculating diffusion deposition was
modified# and a respiratory pattern based on several pneumotachographic
studies in man was used-.
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These two bodies of information were found to be similar in their size-
deposition relationships. They tended to differ somewhat from several descrip-
tions in the literature in one important respect, namely, they indicated a
relatively greater role of the nasal passages as a deposition site and a less
important role for the tracheobronchial tree. The overall prediction of
respiratory tract deposition was not greatly different, however.

The selected data on nasal deposition are summarized in the first figure
(Figure 1) in which the experimental results of Landahl and co-workers6é are
portrayed in relation to an empirical deposition curve obtained by Pattle’
using monodisperse aerosols. In the figure, N is the fractional deposition
of particles with an aerodynamic diameter Dy, and F is the air flow rate
(1/min.). The different symbols denote studies with differemnt substances
some of which were hydroscopic (dark triangles) and some not (inverted open
triangles)., The agreement seems to be generally good. The Pattle curve was
used for all calculations of nasal deposition 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
of nasal breathing at a 1450 ml tidal volume and a respiratory frequency of
15 respirations per minute, the curves depicted in Figure 2 were obtained.

Selected experimental data are compared to theoretical curves in
Figure 3: these curves are for mouth breathing (upper) and nasal breathing
(lower), respectively. Wilson and LaMer8 effectively eliminated nasal-
pharyngeal (N-P) deposition by 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 and co-workers9 using nasal breathing. In both curves
the solid line is derived from Findeisen's model.

There is some question about the actual deposition compartment in the
case of Brown's study as it is 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 hygroscopic nature of the aerosol; here the question
of the precise relative humidity is profoundly important. WNevertheless, 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 so it was necessary to rely on theory in these
cases. Also variations in deposition induced by changes in tidal volume were
estimated on theoretical grounds,

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 already alluded to, e.g.,
Figure 2, and working with various distributiomns, i.e., different count median
aerodynamic diameters and different degrees of heterogeneity expressed by
geometric standard deviations (o,) from 1.0 to 5.0, deposition curves for
each distribution were calculated. See Figure 4,

62
1041323



10 - g
9 - 0
9
8 s A
o :
A8
7= ey
i g
6 o! o
0
il +
N 5- % +
4 s 4-
0
47 o | %
A | +/i
3 0 8 o
i L
25 §ig ;
N
A .
| | I | | i} 1 | } i ) |
1.2 16 2.0 2.4 2.8 3.2 3.6

L0G Dy F

Figure 1: The empirical data of Pattle are represented by the straight line.
The symbols have the following meaning: <+ methylene blue - 17 1/min;
o glycerol - 17 1/min; A bismuth subcarbonate - 17 1/min; J tyrosine
= 17 1/min; ¥y corn oil - 29 1/min; bismuth subcarbonate ¢ - 60 1/min; A
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
an adequate indication of the overall deposition of the entire dust cloud in
various regions of the respiratory tract, irrespective of the heterogeneity of
the distribution. See Figure 5.
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Figure 2: These curves were computed by a method similar to that used by
Findeisen. A 4 second respiratory cycle was assumed with a 0.2
second pause, 1.74 second inspiratory phase and a 2.06 second
expiratory phase. The tracheobronchial estimates were corrected
for an additional 50 cm3 representing the first part of the
rebreathed air which is considered free of dust particles.

It was determined on theoretical grounds that doubling or tripling the
tidal volume, so as to double or triple minute ventilation, did not produce an
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 of dusty air breathed and provides a direct proportion-
ality between minute ventilation and the absolute mass depositionm.

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-B region, a constant deposition value of 8 percent
was assigned. Note the constancy of T-B deposition in Figure 5.

Clearance 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 and (c) little quantitative information
and few lucid qualitative descriptions were available on phagocytosis and
lymphatic drainage, the dominant clearance processes serving the pulmonary
region. The Task Group concluded however that a group of values (including
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Figure 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 Wilson 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 educated guesses) could be compiled which appeared to be consistent with

the best available data. The information employed came from widely diverse
sources, such as the endocytotic studies in the amoeba; studies of flagellates
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90 MASS DEPOSITION IN PULMONARY SPACES
AS A FUNCTION OF
80- AEROSOL DISTRIBUTION BREATHED
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Figure 4: The mass deposition predictions for various aerosol distributions
are depicted., For example, at a count median aerodynamic diameter
of 0.5 i, the mass deposition in the pulmonary region for distri-
butions having geometric standard deviatioms (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 patlways serving the respiratory tract
were brought together into a working model schematically presented as

Figure 8.

It seemed inexcusable to use any model to the exclusion of the available
relevant data which have been obtained rather directly. This was especially
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MASS DEPOSITION PROBABILITIES
WITH DIFFERENT AEROSOL DISTRIBUTIONS
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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,
nasopharyngeal, pulmonary and tracheobronchial regions, respectively.
For each region the effects of modifying the tidal volume from
700 to 400 ml are indicated.
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true in the case of clearance data so the proposed clearance model utilizes
two types of clearance information, viz., estimated values which are largely
based on analogies are used for "untested" substances, and measured values
taken from various experimental and biomedical sources, including accidental
human exposures, are used wherever applicable. The latter have priority over
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Figure 7: The average pulmonary deposition re-
lationship Implicit in Figure 5 has
been replotted on a log-probabllity
graph in order to obtain & convenient
lipnear form.

the former in every instance. In both cases, a series of exponentials was
advocated for describing and reporting clearance information. Generally, one
or more fast phases were regarded as being dominantly but not exclusively
associated with the clearance of the ciliated areas of the respiratory tract
(N-P and T-B) and usually one slow phase is associated with the pulmonary
compartment, but this exponential was regarded as the net expression of several
clearance mechanisms having essentially the same kinetics. See Table 1.
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RESPIRATORY TRACT CLEARANCE MODEL
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Figure 8: The D notations signify the aerosol
inspired (1), expired (2), deposited
in compartments N-P (3), T-B (4) and
P (5), respectively. The letters a,
¢ and e denote absorption from dif-
ferent respiratory compartments into
the systemic circulation. The letters
b, d, £ and g are ciliary mucous
transport pathways, with £ and g
special cases in which phagocytosis
precedes the ciliary process., The
influx and efflux of material from
the lung parenchyma to the lymph nodes
is denoted by h and i, respectively.
An important redistribution process
indirectly associeted with respiratory
tract clearance, i.e., gastrointesti-
nal absorption, is termed "3".
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Table I. Constants For Use With Clearance Model*

Class (D) Class (W) Class_(Y)
N-P (a) 4 min/0.50 4 min/0,10 4 min/0.01
(b) 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
P (e) 30 min/0.80 90 days/0.15 360 days/0.05
(£) n.a. 24 hr/0.40 24 hr/0.40
(g) n.a. 90 days/0.40 360 days/0.40

(h) 30 min/0.20 90 days/0.05 360 days/0.15

Lymph (i) 30 min/1.00 90 days/1.00 360 days/0.10

* The first value in each pair is the biological half-time
of the particular compartmental process; the second value
is the fraction 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 compound forms of the important radionuclides, These materials were
in turn classified according to their predicted retention in the pulmonary
region. Realizing that lung clearance half-times vary from hours to years,
it was felt that the older clearance format was unable to deal with the most
rapid and slowest clearance 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
(Y) for materials of prolonged retention represented by a 360 day half-time.
The rapid (D) and intermediate (W) clearance classifications are similar to
those proposed by the older 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 through a
hypothetical case. Imagine a man under comparatively normal working conditions
being acutely exposed to an aerosol of enriched uranium dioxide (95 percent
U235), with a 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 u235 js 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.

From the clearance point of view we utilize the class Y constants in
Table I except that 120 days is used for the clearance half-time of the P

region. This value is based upon actual measurements in man and experimental
animals which are summarized in Appendix 1 of the Task Group Report2, Turning
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our attention to 10 percent of the p235 activity breathed now deposited in the
lung parenchyma, we estimate 40 percent of this will be removed with a half-
time of 24 hours to the gastrointestinal tract and the balance will be cleared
with the 120 day 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 a 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 examples with enormously different circum-
stances in which the newer approach would give a 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 make use of the information and opportunities
usually available to the health 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
organ, 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. In 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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task group(

THE USE OF THE LUNG MODEL FOR ESTIMATION OF DOSE*

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

Abstract

Using the lung model developed by the ICRP Task Group on Lung Dynamics, one
easily obtains estimates of the uCi-days of residence of inhaled radioactive
aerosols in three regions or compartments of the respiratory tract, namely, the
nasopharynx (N-P), the trachea and bronchial tree (T-B), and the pulmonory
compartment (P). The report also provides an estimate of deposition and reten-
tion in the lymph of the respiratory system (L). Formulas for the uCi-days of
residence in each compartment are developed in terms of the parameters used

in the report to define the model and to characterize the aerosol. The dosimetric
problems involved are discussed and formulas developed for expressing the dose

to each of the compartments and to the lung as a whole. Adjustment factors are
given to take account of the activity median aerodynamic diameter of the aerosol.
For alpha emitters and beta rays of short range, say, less than 20 y, the dose to
the N-P and T-B regions is computed by considering the radioactive material as

a surface deposit. For photons and beta rays of greater range, much of the energy
is absorbed outside the region of deposition, and the dose estimate is an average
for the lung as a whole. Following years of continuous exposure, the lymph of
the respiratory system will contain a significant fraction of the total lung burden
according to the present lung model. Thus the model does predict high concen-
trations and doses in lymphatic tissue as has been observed experimentally and

as a result of human exposures.

The lung model used by ICRP to estimate values of (MPC)Q("z)

was revised recently by

a task groug)creofed to advise ICRP Committee 2 concerning fung dynamics. The report of the

of the lung is discussed here, and methods of obtaining the dose estimates are presented.

specifies a 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 a whole. Additional information needed for the estimation of dose to various portions

*
Research sponsored by the U. S. Atomic Energy Commission under contract with Union
Carbide Corporation.
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The model respiratory tract, as described by the task group, consists of three compart-
ments: the nasopharynx (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, together with the associated deposition and clearance processes as shown in the report
of the task group, is reproduced in Fig. 1. The letters Dy through D5 indicate the fractions
of the inhaled aerosol which are either exhaled or deposited in each of the compartments. The
task group finds that these fractions vary with the activity median aerodynamic diameter (AMAD)
of the aerosol, and graphs are provided in the report to show this variation. In the diagram
the letters "a" through "j" indicate clearance pathways from the compartments into blood, Gl
tract, and/or 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 material which is deposited, and this fraction varies depending upon the solu-
bility of the material deposited.
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Respiratory Tract Clearance Model.
Figure 1.
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Both the amount of material following a particular route and the rate at which it is
cleared are assigned on the basis of three classes of aerosols, as shown in Table 1. Class D
material is cleared in < 1 day to 10 days, Class W in a matter of days or months, and Class
Y material over a period of months to years. The values of the deposition factors Dy...Dsg
and the corresponding clearance rates are given in the report of the task group.(3

Table 1. Clearance Classification

Class D, Class W, Class VY,
Rapid Intermediate Slow
< 1 da 10 da to
> 100 da
to 10 da 100 da

Using this model, it is a straightforward matter to calculate the pCi-days of residence
in each of the three regions for a given intake of a specified aerosol. Formulas follow for
dose to the three compartments of the respiratory system during the first t days following
single intake of an aerosol:

For the nasopharynx region

-Aat Nt
Ix51xE 1-e 1-e
D = ——= x D, |f, —— + f, ——— (M)
rems M 3 (a )\c b )\b )
For the tracheobronchial region
(1) Dose from inhaled material deposited in region
“Aet =Adt
D _ IXSIXEXD ¢ l-e)‘c rf 1-e)\d )
rems M 4 {¢c Ac d Ay

(2) Dose from material cleared from P region through the T-B region to the GI tract

Ix 51 xEx t* b1 At b1l gt

x 51 xE x -e -e 9

- ot ———— < —————————

rems M X DS ( fe Mg )‘f fg )‘g }‘g (3)
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For the pulmonary region

Aot =Ast

D _ IX5]X6XD f ]-e__)\e -{.{-'._—_-—]-e)\f
rems M S |e A f A
e f

“Anqt “Aht
+f]-e)\g+fh]_e)\h (4)
g g h
where
I = intake at time zero (uCi)

51 = dis/day x g-rad/Mev
€ = effective energy/dis (Mev)
M = mass of region considered (g)

Dg, D4, D5 = fracfion of the inhaled aeroiol deposited, respectively,
in the N-P, T-B, and P regions

time of passage through the T-B region of material

*
f cleared from the P region to the Gl tract (da)
far i, etc. fractions cleared by pathways a, b, etc.
Aar N, etc. effective elimination constants for pathways a, b, etc.
)\Fband )\: biological elimination constants for pathways f and g.

If the fraction 51E&/M is deleted from these formulas, they then represent the uCi-days of
residence in each compartment during the first t days following the intake of 1 uCi. As men-
tioned earlier, these formulas follow directly from the definition of the new lung model except
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 appropriate values for either of these parameters.

Figure 2 shows the accumulated dose to the pulmonary region from an instantaneous
intake of 1 pCi of a standard aerosol, i.e., one having an AMAD of 1 y; but in order to be
perfectly general, the effective energy has been taken as 1 Mev. Thus, this graph is uni-
versally applicable for any aerosol considered in the report of the task group; one need only
select the longest effective half-time for elimination from the P region, read off the ordinate
for the desired time, and multiply by the appropriate effective energy. In computing these
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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 capillary, or trapped, blood that is present there. Of course, the doses could
be changed by proportion for any other mass one might prefer to use.

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

b

ot N = 0.693/T; + 0.693/T,

0.693/T = A\g = A

with T_ os 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 Tg’
2 10 days. 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
effective half-time is 1 day, i.e., 1/T = 1/T, + 1/Tp. The terms of the formula corre-
sponding to pathways of short elimination time probably would not be the same for all of
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these radionuclides, but the use of a single curve for all of them does not involve an inac-
curacy of more than 4%, and this inaccuracy is considered as negligible in this context.
This error estimate is derived in the appendix.

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. < 1 day. The dose to the pulmonary region from an aerosol of Class D is given as an
insert in Fig. 2, and it includes all cases except those where the report of the task group
indicates a value of T}, the biological half-time, which is substantially greater than 30
minutes. There are a 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 basis of estimates of vol-
ume given by Weibel{4) and others and on values for the density. Because of the intricate
geometrical 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 area of the T-B region vary from 10 to 20 m2. If one takes a layer of
tissue based on this surface which is 45-p thick, i.e., the range of an alpha particle having
an energy of about 5 Mev, he obtains 450 to 900 g. This is far more mass than the T-B region
should have according to most estimates and indicates that a significant portion of the energy
is absorbed 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 particles originating in the T-B region. The
estimated dose to the T-B region from an aerosol deposited there is shown in Fig. 3 by the
dashed curves.

In addition to this dose, 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., a 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 clearance 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 total dose received by the T-B region.

The N-P region consists essentially of the nasal passages and pharynx down to the level
of the larynx. The aerosol merely deposits on these surfaces and is removed by the movement
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of the mucus. Thus a surface distribution of the material seems appropriate as a model for
estimation of dose. The N=-P region has about 300 ¢cm? of surface, and the proposed lung
model assigns a half-time of 4 minutes for removal of the deposited material. There is evi-
dence that the material accumulates to a greater 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 primarily 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 a 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 essentially all of the dose is delivered within the first half-hour
following intake.

A certain fraction of the inhaled material is transported to the lymph nodes. For very

insoluble dusts, such as those of Class Y, the proposed lung model allows 10% of this material
to be eliminated from the lymph nodes with a rather long half-time of 100 to 1500 days,
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depending on the solubility of the dust. The other 90% remains in the lymph nodes indefi-
nitely, being subject only to radicactive 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(5)
for the tracheobronchial lymph glands. The total mass of lymphatic material in the lung is
probably larger than this and the dose averaged over this mass somewhat smaller than that
computed here. As discussed by Pochin, {5) the problem of migrating lymphocytes complicates
the problem, and the facts are not in hand which might serve as the basis for a more accurate
dose estimate to individual lymph nodes or lymphocytes.

Figure 5 shows a composite of all these calculations for a 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 that 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. 2-5, the AMAD has been taken as 1 .
Since D5 and Dg occur as factors in the dose formula, it is possible to give a factor which
corrects these curves for aerosols of other AMAD. Since D3 = 30 and D5 = 25 for AMAD
= 1y, the required correction factors for the N-P and P regions are D3/30 and D5/25,
respectively. The proposed lung model gives a constant deposition factor for the T-B region,
and so factors for the pulmonary region and the N-P region are the only ones shown. It is
clear that the doses vary greatly with the AMAD—the dose to the P region decreasing and
that to the N=P region increasing as AMAD increases.
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In the foregoing formulas and graphs, the effective energy has 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 area as
noted above.

It is clear that not much of the energy of photons will be absorbed near the point of
origin of the photon, and hence it seems reasonable to average the dose from photons over
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the entire lung. A Monte-Carlo-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 a gamma emitter uniformly distributed in lungs, and the results are given in Table
2. A similar study has been made for a surface distribution of photons, and, as would be ex-
pected, the fraction of energy absorbed in a layer of 45-p 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 0.16
1 0.15
2 0.13

Beta emitters clearly are somewhere between these two extremes. For a beta such as
the tritium beta, one may use the model for local absorption; and for a beta of long range—
say, 1 cm—the model averaging over the entire lung seems more appropriate. However, it
is clear that further studies of the problem are indicated, but a 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 required.

AEEndix

The lung model described in the r‘eporf(3) provides that Ag = >‘g = M, and that fo +
fo + fl, = 0.6 for all aerosols of Classes W or Y. Thus it is possible to simplify the notation
o% Eq. (4) and write

_ Ix51x& x D5 1-e M 1-¢7
D(t) = - {04—7—-+0A—<r—} (5)

for aerosols of these two classes. In Eq. (5), 0.693/T = 7 = A\, = Ng = M, and A = X,
T being the long-term effective elimination half-time of the pulmonary region which is used
as index on the curves of Fig. 2. Thus T = p + N = 0.693/Tp + 0.693/T, with T, as the

83

1ou 134k



radioactive half-time of the radionuclide and Ty as the half-time for biological elimination
via routes e, g, or h of the lung model. 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 days are recommended

for a variety of compounds in the appendix.

It is clear that the specification of T, or T, does not determine the value of T, or of
A = M. Several radioactive 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
pathway f is fixed at 1 day. In preparing Fig. 2, the maximum value of Ty, compatible with
the value of T and with the lung model was used, i.e., in the relation 1/T = 1/T, + 1/Ty,
Tp = 1500 days was used to determine T;. This choice only affects the calculation through
the parameter A = 0.693 (1 + 1/T;) and makes the dose estimates provided by Fig. 2 slightly
smaller than might be the case if other values of T, and T}, 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 less than this in all the numerical cases

computed.

Assume, then, that (5) is the formula as computed for a specified value of T with T
= 1500 days and that in an actual case the appropriate value is Ti. In this case /T =
]/T; + 1/T}. since we are supposing this aerosol has a long-term effective elimination half-
time of T. hI'hen the value of M\ in (5) for the actual isotope will be given by

N o= 0.693(0+1/T!) <0.693(1+1/T) = A

and

A=X = 0.693(1/T - 1/T;) = 0.693 (1/Tf - 1/T,) <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

-A't -t
l1-e _l-e
D'(t) - D) _ A A 6)
D'(t) 1-e Mt -
45—
A T

Note that the numerator satisfies the relation

_ At _ =M N 1o aX
I -e 1-e =+ l-e xe 4

A A 2
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2

-A
<= =)
- AN
The above inequalities follow readily from the facts that 1 -¢~* - xe ™ is an increasing

function of x for x > 0 and that 1 ~e™ - xe™ = (1 - e™)%. Both of these properties
are easily established.

Consequently, we can substitute in (6) and obtain

2
(1-e™ (A -2)

D'() - DY) e el (8)
D* (1) aw(Eg— + 15 e )

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

- -M
DIy -DW d-e N  (-eH-N) )
S L5 1-e
At = x T
T l-e

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

WA

ey
X l-e’ .. (10)
x 1 -e™

Substituting /A for (1 =e 7)/(1-e ™) and WA for (1 - e ™M/ -e™N in @)
further increases the right member, and one obtains

M M
DM -DE) _ (l-e™h(-n) _ 01(-eM Y
DM = Z5N < gL < 0elme O
since 0 < A=\ <0.693/10 and A' = 0.693 (1 +1/Tp).
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Alr 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 sometimes 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 problem of air sampling was uppermost in the minds of any
of the members of 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 determinations
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 might
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 deviationms. (Ug). When the de-
position curves were applied to hypothetical aerosols having log-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 basis of these results, the Task Group recommended that air sampling be
done to determine activity median aerodynamic diameters.
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Superficially, then, the deposition model does not present any new sampling
problems since, &s I have already pointed out, techniques for making the neces-
sary measurements 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 aerodynamic 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. In 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 doing so; then consider the alternative technique offered 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 and which conceivably could be adapted to the deter-
mination of the AMAD's. Most of them, however, are more suited to laboratory
work than to routine air sampling. It is my own opinion that at the present
time the only practical method for determining AMAD's in the field is one which
employs May'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 i1s 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 sufficisut 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 impmctor data it is assumed that all particles col-
lected at a given stage, regardless of shape or density, have aerodynamic di-
ameters larger than the cut-off diameter for that stage. Couchman (2) has dem-
onstrated the validity of the relationship between collection efficiency and
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aerodynamic diameter for spheres for densities up to 19 gm/cm®. 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 shapes
are quite extreme.

In principle, then, the cascade impactor can be used to provide the measure-
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 determination of AMAD are the sampling flow rate, the effective cut-off aero-
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 chosen
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 I. Calibration Data for Typical Impactors

Casella (1) Batelle (5) Andersen (8)
ECAD Stage 1 12.0 um 16.0 um 7.5 pm
ECAD Stage 2 3.9 7.9 5.1
ECAD Stage 3 1.5 3.9 3.5
ECAD Stage 4 0.5 1.9 2.0
ECAD Stage 5 - 0.9 1.0
ECAD Stage 6 - 0.4 ~ 0.6
Flow Rate 17.5 L/M 12.5 L/M 28.3 L/M
Wall Losses 6-42% (2) 6% (5) 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 sufficient
merely to verify that jet dimensions are as specified.

Wall losses reduce the reliability of impactor data in that there is no way
of knowing if the activity actually analyzed had the same size distribution as
that entering the impactor. 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 most of the wall losses in the Andersen impactor
were due to impaction of particles on the top of the first jet stage. The inlet
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cone of this impactor functions somewhat like a single round jet of poor collect-
ion characteristics. May (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 radioactive aerosols in
low mass concentrations were used, the wall loss figure of six percent was ob-
served.

What I have said so 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-
quirement that rebound and re-entrainment be avoided. For stages other than the
first, 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 layer 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
comparisons, 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 II. Loading Capacities* for Typical Impactors

Stage Casella Batelle Andersen
1 1.6 mg 2.3 mg 3.3 mg
2 0.24 0.70 1.7
3 0.05 0.14 0.69
4 0.006 0.03 0.25
5 - 0.005 0.05
6 - 0.001 0.016

*For unit density material.

90

1041331



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 collection char-
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 to 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 most 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 (1l1), the HASL cyclome (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 aerodynamic di-
ameter, AMAD, and a geometric standard deviation, o_, we would like the second
stage to collect a fraction, C(AMAD, © ), of the tofal airborne activity, such
that

P(AMAD,cg) = K'C (AMAD, og) (1)

where P is the fraction 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)
N
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i.e., the ratio of the probability that a given particle could deposit in the
pulmonary regions to the probability that it would penetrate to the second
stage of the sampler is a constant for all 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 cm®, has been
plotted for each sampler. On the other hand, the manner in which the wvalue 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 o_ between 1.5 and
4.0. For penetration values below about 0.15, the range of o_ Values that were
included in the calculations diminished progressively. All tﬁtee tidal volumes -
750 cm®, and 1450 em®, and 2150 cm®, - were included. The results are shown in
Figures 2 - 4. Average values are shown for a tidal volume of 1450 cm®, togeth-
er with the extreme values for all three breathing patterns.

PIAD) / C(AD)
T

3

2 1
BRITISH STANDARD S

1 ELUTRIATOR |

0] 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 cm3, when sampling for AMAD's, it seems reasonable to make a similar re-
commendation with respect to the use of size selective samplers, as far as pul-
monary 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 even 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, Og) = a + b+<C(AMAD, Gg) (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, F;, 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) =% P;*Ff = (a + b C;)Fi
= a$ Fi + b F;Ci
= a + b.C (total)
and equation 3 is valid for any activity distribution satisfying the conditions
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 earlier 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 responsible 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
applications 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 safely ignored, but there are practical situations that may make the
latter problem significant.
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Figure 2. Predicted pulmonary deposition as a function of first stage pene-
tration for British Standard elutriator

HASL CYCLONE 4
31 “ P

PREDICTED PULMONARY DEPOSITION

24 J
l’/
11 4 .
. P O AVERAGE VALUES,
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Figure 3. Predicted pulmonary deposition as a function of first stage pene-
for HASL cyclone
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Figure 4. Predicted pulmonary deposition as a function of first stage pene-
tration for the Pre-impinger

A spherical particle of density, Pp> and aerodynamic diameter, Dp, has a

geometric diameter, Dp, given by "
Pp = Q%‘pp) P

where C_ and C_ are slip factors. A particle having an aerodynamic diameter of
0.3 um and a density 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 geometric di-
ameters approach molecular dimension an additional complication 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
products.
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SUMMARY AND CONCLUS IONS

The Task Group on Lung Dynamics 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 em® 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
primarily with very small particles of dense material may lead to erroneous
conclusion.
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DEPOSITION AND CLEARANCE OF RADIOACTIVE PARTICULATES
IN THE TRACHEOBRONCHIAL TREE OF RATS*+

Albert A. Spritzer, M.D.
Joseph A. Watson, Ph.D.
Judith A, Auld, B.S.

[NTRODUCT I ON

The tracheobronchial tree serves two major roles in minimizing the
retention of inhaled particles. The tree acts as a filtering network
which protects the deep lung, and it serves as the final pathway in the
removal of particulates which are carried to it from the lower respi=
ratory tractil'z). Such particulates following transport to the
mucociliary epithelium are carried by this mechanism to the tracheal
orifice and the oropharynx, from which point they are usually swallowed
or may be expectorated.

The rates of removal of particles from the tracheobronchial system
are inadequately characterized. Direct measuremeﬁts of the velocities
of movement of particles deposited on the tiacheal surface have been
shown to range up to 30 mm per minute. In addition, two bronchial
velocities have been reported(3) but no data are available on the rates
of clearance from the finer bronchioles.

Studies in this laboratory have resulted in the development of an
esophageal collection technique for directly measuring tracheobronchial
clearance in rats(u). The technique involves the placing of a tight‘fit-

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

“*Supported by Grant Number OH 00208 from the United States Public
Health Service.

+Presented at the Twelfth Annual Bioassay and Analytical Chemistry
Meeting, October 13, 1966 Gatlinburg, Tennessee.
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the stomach and abdominal wall into a collection bottle. The tube contents
are flushed into the collection bottle by the normal drinking of the animal
or the system can be flushed with saline solution at any designated time
by introducing a blunted needle into the tube via the mouth. The esopha=
geal collection technique 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 clearance measurements obtained by fecal analysis and eso=-
phageal collections were made, have shoan no detectable alteration of
mucociliary clearance dynamics over a five day period(s). The esopha=
geal collection method results in the direct measurement of clearance
rates, i.e,, the absolute amount of material removed from the pulmonary
system through the tracheal orifice over the period of the designated
collection interval. It should be noted that clearance and clearance
rates are functions of both a specific deposition pattern of particles
along the tracheobronchial tree and the velocities with which particles
are swept to the tracheal orifice (escalator velocity). This is best
demonstrated by two extreme but simple analogies.

Consider an anatomical compartment of the tracheobronchial tree
where deposited material is swept toward the tracheal orifice by the
mucociliary escalator at a constant velocity. This is represented by
the conveyor belt shown in Figure la, Particles are assumed to be
deposited on the conveyor belt (ciliated epithelium) in a specific,
non-uniform pattern as shown. If all the material leaving the conve=
yor (pulmonary) system is collected in the collection bottle (clearance)

and the bottle is changed every 20 minutes, then the contents of each
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FIGURE |

Analogy representing the tracheobronchial clearance of particlies assuming:

(top) (A) A constant escalator velocity and a non-uniform deposition
of particles, and

(bottom) (B) A uniform deposition of particles and varying escalator
velocities.

bottle represents a clearance rate, i.e.,, the amount of material removed
from the system per unit time. A plot of the amount of material in each

bottie (clearance rates) gives a mirror image of the original deposition
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pattern of material in the system. Under these conditions, the variation
in clearance rates is determined primarily by the deposition pattern of the

particles in the trachecbronchial tree.

At the other extreme, deposition on the conveyor belt (ciliated epithe=~
Tium) is assumed to be unifor.. but the velocity of the conveyor belt

(mucociliary escalator) 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. |f the clearance rates are plotted, any varia=
tion in clearance rates would reflect the varying velocities of the
mucociliary escalator mechanism(s).

From the sbove, It is obvious that the interpretation of clearance
and clearance rate data requires a knowledge of the specific deposition
patterns associated with a technicue of producing a pulmonary burden of
particulates, as well as a knowledge of the biologic escalator velocities
along the tracheobronchial tree. The present experiments were undertaken
 to determine the kinetics of removal of insoluble particles from the lungs
of rats during the time perioc ranging from immediately after deposition
to 5 days after exposure using the esophageal collection technique. The
particles were administered to the animais by intratracheal injection.
Two modifications in the positioninc of the rats during and immediately
following injection were utilized in an effort to alter the deposition

pattern of the particles along the tracheobronchial tree.

MATERIALS AND METHODS

(1) Esophageal Collection Procedure. Adult male rats of the Wister
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strain, weighing between 350 and 500 gm, were prepared surgically for
(%)

esophageal collection as described previously The surgical procedure
was performed under sodium pentobarbital (Nembutal) anesthesia on animals
fasted for 48 hours. The animals were not restrained during the experiment
and were given injections of 10 cc of glucose plus saline twice daily to
avoid dehydration,

Experiments were initiated 24 hours after surgery. Collection inter=-
vals of less than 24 hours were achieved by introducing a blunted, 18 gauge
needle into the esophagus via the mouth and flushing the tube system with
2¢c of saline solution. For collection intervals of 24 hours, the spon=
taneous drinking of the animals served to flush the collection tubes. The
collection bottles were changed at designated intervals for measurements of
their particulate content.

(2) Particles., The particles used for clearance measurements consisted
of a saline suspension of microgranular ceramic particles labeled with
cesiumlBL+ (specific activity, Imc/gm). A detailed description of this
material has appeared. (5). The particle §ize 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~
tric standard deviation of 1.9 microns and 1.5 microns, respectively.

Prior to removing a2 sample from the stock suspension for use, the suspension
was routinely subjected to a 5 minute ultrasonic treatment to disperse the
particles.

(3) Exposure Technique. Two methods of intratracheal injection were
utilized in an effort to alter the deposition of the particles in the lungs.
The first method, subsequently referred to as the Vertical Injection Tech~
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nique, involved the injection of 0.2 cc of the particle suspension through

a blunted, 18 gauge needle just above the leve! of the corina with the

trachea in a vertical position, The rat was subsequently held in this

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

as the Semihorizontal Injection Technique, the particulate suspension was
injected as above with the trachea in a semihorizontal position. Immediately
following injection, the rat was piaced in a prone position and was unres-
trained. The intratracheal inje~:ions were given while the rats were anaes~
thetized lightly with ether. Thz animals were awake and active within 2 minutes
following the injection.

(4) Analysis of the Data. The particulate content of the material
present in the coliection bottles and in the lungs, the esophagus, and the
tube system at sacrifice was measured by counting the 605 Kev gamma photon
of cesium]34 with a single channel gamma ray spectrometer. The delivered
dose to cach animal was obtained by summing the above measurements
{Previous studies have shown that these particles are insoluble in the
body and are not distributed to any tissues other than those analyzed
during a 10 day period after exposure(s). These results were confirmed
in the experiments reported below.) For groups of animals, the mean
and standard error of the statistic has been reported.

The clearance rate curves have bezen cescribed in terms of Clearance

Rate Intervals, i.e., the time intervals during which clearance rate

variations can be characterized by a simple mathematical relationship.

RESULTS

(1) Mucociliary clearance rates determined at ten minute intervals.

A preliminary experiment using six surgically prepared animals was performed
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to determine the optimal sampling interval for esophageal collection, The
vertical injection technique was used to expose the rats and esophageal
collections were made at ten minute intervals over a five hour period.
Table 1 summarizes the results which are plotted in Figure 2, Figure 2
also shows the basic experimental data from Table 1 aggregated to simulate

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

TANLE 1

CLEARANCT RATES FOR TEN MINWUTE COLLECTTON INTLRVALS Of! RATS
EXPOSCD RY TS VERTICAL DUJECTIOH METHCOH

Tize Post Lxsoaure, liinutes

Rat Hucber

10 20 30 40 50 60 70 80 90 1C0 110 120 130 140 130
1 £9 1.05 L13 .22 .12 .03 .10 .14 .11 JA 25 .02 W26 18 05
2 «2 50 .20 1.07 .40 1.35 1.65 1,96 .53 1.04 .34 .13 .13 S0 .07
3 8.10 1.01 1.0 .88 .15 .23 .22 .48 .26 07 .17 .02 .02 .10 .30
& 46 .03 216 .66 &4.63 1,39 .27 A7 21 A1 L1213 2% .04 .13 .07
5 2,73 7.11 4.76 1,33 .03 .33 4D W35 .12 «33 W34 a8 a9 28 .05
6 &30 75 .98 2.30 2,25 .92 A2 .69 .22 31 33 2 .07 .02 .17

FKean Clearancs

Rate : 2.09 1.90 1.55 1.08 1.24 .69 .37 .63 .25 «33 .26 .14 A2 20 .12
Mean Cumulativa
Clecranse 2,02 3.9 5.5% 6.52 7,05 8,55 8.92 9.35 9.80 10,12 10.33 10.52 10.63 10.84 10.95
fat [ ‘Tims loct Diposvre, llinutes
160 170 180 190 200 210 220 230 240 250 260 270 280 290 300
1 03 .05 .03 .20 .03 M40 Q3 09 .26 LIS .1& 03 A3 07 .4
2 37 33 ) 03 .17 19 W15 W19 26 W08 W19 W36 07 .07 .08
3 03 .10 03 0B .05 .01 .06 00 .2 + + + + + +
4 G4 26 L7 69 .23 .12 .03 A7 LG5 A2 ,25 g2 .10 .12 .02
5 «05 W11 07 .05 L0 L19 .12 .03 0L .05 L18 .65 .15 .25 .09
6 00 .20 .06 .19 JA6 L12 L1466 07 03 20 05 .15 .09 24 21
¥ean Clearance
Rote JAl .19 .09 .21 W12 L17 W32 W11 21 .12 .16 .18 .11 W13 .13
Hean Cumslative
Rate .05 N,251.33 1154 11.66 11.03 1L.95 12,07 12,18 12,30 12,46 1264 12,75 12,05 13.01
*Cleavanse rates aro oxprossod as tha parcent of tha ianitfal lung buvden.
Jal=sl dlad.

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 approximated by a single decreasing exponential function with a

one=half time (T] 2) of 30 minutes. During this interval 11.0% of the

/

initial burden was cleared. We designate this period of time as the first
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FIGURE 2.
Mucociliary clearance rates determined at ten minute intervals with

the data aggregated to simulate twenty-minute and hourly collection
intervals (see Table 1).

clearance rate interval. Subsequently no definite trend can be seen.
These data show that twenty minute sampling intervals are satisfactory
to delineate the first clearance rate interval. Subsequently, hourly
coliection intervals would be adequate.

(2) Mucociliary clearance rates of particles administered by the

vertical injection techrique. Twenty four surgically prepared rats were

injected intratracheally using the vertical method. The esophageal
collection system of each animal was flushed at 20 minute intervals for

a six hour period. Table 2 summarizes the data which are plotted in

Figure 3.
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TABLE 2

CLEARARCE RATES FOR TWENTY MINUTE COLLECTION INTERVALS ON RATS

EXPOSED BY THE VEIRTICAL DHJICTION MITHOD

Timo Poct Diposure, llaouvics

Rof BEDe¥ 25 40 60 0 10D 120 140 160 180 200 220 240 260 200 300 320 349 360 %otal
1 6,45 1.70 1,72 .57 .15 .0 .15 W04 .10 .14 43 L07 .13 .54 W45 W17 .37 .19 13489
2 1152 732 5,56 1.0 410 .21 .75 .46 .07 .0l .83 .15 .63 .71 .23 .22 .26 .32 3LLS
3 19 09 .69 163 W67 W23 W62 W54 W46 W39 05 .20 .Ch J03 .03 J04 LG4 JC3 Gu26
4 141 W46 W18 .21 34 .07 .20 .26 .21 .16 .03 16 JC3 JC3 05 J02 .2 65 3.75
5 9 .25 .75 .22 ML .C5 WL W15 08 .05 .02 W1 .05 .33 .38 .67 .20 A3 3.5
6 «€7 1.55 2,06 .21 (15 47 W29 .17 .15 .05 .03 .11 .30 .11 .10 .12 .13 .8 5.0
7 2.50 1,76 3,79 .56 4.G5 3.17 27 1.00 1.21 199 .25 1,13 W47 o£3 W61 .12 .20 W21 24,53
8 2.57 173 .25 1D 05 o5 oCh 12 o1l 05 .05 .03 .03 .03 .2 .20 .23 .32 S.54
9 2,65 1,00 .59 .32 70 .23 06 .23 W24 W21 .55 WAl W49 W23 .22 17 .23 J16 855
10 143 W85 425 W25 L1 .25 W47 W17 W11 W20 W0 W22 W12 W16 .09 WL JIE W2 4uld
1 5 W60 427 17 W12 L0 LI W19 L1 12 LAl W0 W65 LIl WL W7 W o 3uSE
12 1020 75 W39 W32 W07 0] W07 oUF oGh oG5 oL3 W20 W05 o03 W03 oCh o5 o3 3404
13 1.70 .53 .21 .13 .09 .07 .06 L1 L7 .05 .03 10 .05 W05 W03 JC5 W13 (B4 4.13
1% 1233 1aS4 37 W11 W00 W0 .00 oFh W47 o10 W05 U3 405 ol W10 W15 JCh W05 5.37
15 2916 (10 W03 WL W7 WO7 W33 W03 W07 WG W07 o053 W7 W03 W05 W03 W£3 4afD
16 €9 W65 .12 JI& L1520 .03 425 W20 W10 .35 .21 .32 .5D W05 u2h .05 W13 2,05
17 9 .25 10 .22 (07 o013 W16 .09 .20 .15 .07 .00 W09 1D .18 .5 A1 WD 245
13 35 L1 W69 .17 .00 25 .13 15 .03 .10 .12 .02 o1 W13 .13 .E2 .33 .28 3.51
19 1.30 2.85 .67 .33 .55 .39 .26 .35 JI3 .13 L21 .13 .21 .17 W47 W27 .00 W15 9.05
20 4.03 .56 .77 1.45 .79 1.02 112 1.17 1.20 121 .99 .97 .89 .77 L.l .86 .76 .76 20,74
21 1167 W45 LD W19 .19 .15 .25 .42 .19 .30 .10 .20 .21 .16 .19 .26 .10 S.Sl
22 3.83 W59 .33 .40 .23 .30 14 .20 45 .35 .35 .26 .25 W12 .33 1S .13 12 B.74
23 2.06 .43 .23 .23 .55 .25 .50 W05 .32 .32 .20 .10 422 .29 .29 At .16 .17 6.97
24 W69 .16 W31 .23 .12 L1 W16 L1 W16 W17 W24 W20 .17 .15 15 .16 .14 13 3.25

llean

Clozvance  2.21 1.10 .85 .40 .42 .34 .20 .29 .27 .26 .23 .22 .21 .23 .22 13 .18 .16

Cuaulative

Cloarance  2.21 3.32 4.17 4.51 4.99 5.33 5.61 5.90 6.17 6.43 6.65 6.37 7.03 7.31 7.53 7.71 7.9 8.05

*Clearance rates are oxpresscd as the percent of the initial lung burden.

Total clearance over six hours equalled 8.1% of the delivered dose.

A single decreasing exponential function approximates the variations in

clearance rates from zero time to 140 minutes following exposure.

half time (TI/Z) of 47 minutes was found for the first clearance rate

interval.

From 140 minutes to & hours following exposure, a decreasing

A one-

exponential trend in clearance rates with a T,'/2 of 3.9 hours is apparent.

This second clearance rate interval is not completely defined in this

experiment since the trend may persist beyond & hours.

(3)

Comparison of mucociliary clearance rates using the vertical and

semikorizontal

injection techniques.

intratracheally using the semihorizontal injection technique.

10413b1

Twenty-seven rats were injected
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FIGURE 3.

Mucociliary clearance rates following the vertical injection of
particles (see Table 2).

shows the experimental data at hourly collection intervals. The clearance
rates are plotted in Figure 4. The hourly clearance rates obtained from
the vertically injected animals in the previous experiment (Table 2) are
shown for comparison.

Total clearance in the semihorizontally injected rats over & hours

equalied 32.77»f 3.4Y of the delivered dose, as compared to the 8.1% +

1.5% of the delivered dose cleared in 6 hours in the vertically injected
animals. The difference in total clearance is significant by the Student

t test (P<<0.01). The individual hourly clearance rates also differ
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significantly (P<0.1). In both instances hourly clearaice rates varia-

tions can be approximated by single exponential functions from approximately
2 hours following exposure to the termination of the experiments. In the
animals injected semihorizontally, the T;/, of this clearance rate interval
was found to be 2.8 hours, as compared with 3.9 hours found in the vertical-

ly injected rats.

TABLE 3
CLEZARARCE RATES POR HOURLY COLLECTION INTERVALS ON
BATS EXPOSED BY THI SEMI-BOXRIZONTAL INJECTION METROD®

Rat Time Pogt Lyaosure, 'mms — —

Ruzber 1 2 3 4 ] 6 7 8 Total
1 1.3 1.63 +02 «39 «25 «38 +038 07 4.21
2 27.13 93 4.11 7.37 3.35 1.49 33 2.77 47.50
3 26.91 2.96 7.9 2.3%7 1.38 W46 40 <33 42,22
& 16,47 4.72 «89 «96 71 +63 1.04 1.01 24,48
5 36.83 3.30 4.18 2,71 3.34 1.05 1.01 59 53.07
6 9.99 2.75 2.86 1.05 3.39 «53 91 «20 21.73
7 13.33 «35 %2 43 <3 .18 1.70 1.07 18.42
8 §.80 .15 .03 +16 45 1.77 1.13 1.67 10.21
9 59.77 1.84 «97 938 «53 57 «835 «32 65.69

10 16.43 2.81 1.24 35 34 64 «19 14 22,14
11 16.19 2.59 2.15 «55 S5 57 .92 42 25.35
12 18.45 4,00 1.07 1.0 o2 1.27 43 23 25.16
13 21.29 5.62 1.79 2.92 95 47 23 33 33.G0
14 7.30 «S0 2,23 39 1.48 1.19 1.83 71 15.09
15 24528 7.21 1.52 33 «O 95 &3 21 36,64
16 13.21 3.97 2.73 «35 1.55 .11 «16 14 27.77
17 62.91 6.25 1.50 52 &5 24 «65 <04 72.67
13 11.24 5.72 2.36 96 30 42 «33 «29 16.57
19 .76 9.77 2.74 2.98 o +65 50 55 19.79
20 39.83 3.33 1.10 1.20 .09 1.76 b 18 48.03
21 10,77 5,52 6.29 2,47 1.71 2.61 1,55 1.08 32.00
22 53.19 3.94 2.47 2.30 54 32 46 .21 64.13

23 5.43 2,69 +56 «56 2.01 «38 1.43 «33 14.07

26 43.35 13.13 5.20 1.19 26 23 17 .03 63.48

25 17.57 2,37 1.15 1.20 2.75 2.17 -84 65 23.70

25 8.83 9.43 834 53 .15 22 .07 -10 20.17

27 23.65 5.11 2.21 53 «09 «87 34 52 39.32

lean
Clcarancs 22.29 4.18 2.27 1.42 1.13 87 «69 .53
Cugqulative

Clearance 22.29 26.47 28.74 30.16 31.29 a2.16 32.85 N.74

#* Clearance rates srs cxpressed as tho percent of the initial lumg burden.

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

the second clearance rate interval noted in the previous experiments,
seven surgically prepared rats were exposed using the semihorizontal

injection technique and followed at hourly intervals for 17 hours
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following exposure. Table 4 gives the experimental results which are
plotted in Figure 5. Total clearance over 17 hours equalled 27.1% &
3.8% of the delivered dose. These particles were cleared from the lungs
with clearance r..u. decreasing in a logarithmic manner. The T]/z from

2 hours Toiliowing exposure to the terminstion of the experiment was

2.6 hours.
2
Z 30
E! (o]
2 20 B -
£ o SEMI - HORIZONTAL INJECTION
2
Z 0. | [SVERTICAL INJECTION
Ee | :
3% I
(3] . ¢ © —
[+ 4 - -
&
2. L _
o
i
2 e o T,/2°2.8 HRS.
308 F e =
w 06 [ _
(7] L —]
g o4 | \‘\s\ -
a — Tys2* 3.9 HRS. -
& o2 L -
>
-
u
; 0.1 L1 1 |
o 2 4 6 8 10
HOURS AFTER EXPOSURE
FIGURE 4.

Comparison of mucociliary clearance rates following the vertical
and the semi-horizontal injection of particles (see Tables 2 and 3).
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TARLE &
CLEARANCE RATES POR HOUZLY COLLECTION INTERVALS OM RATS
EXPOSED B3Y T2 SEMI-HORIZONTAL INJECTION METEOD®

Rat Time Post Exposurs, Houre

Bumbar 1 2 3 4 ] 6 ? ] 9 10 1 12 13 14 15 16 17 Total
1 1.94  JOS 2.95 4.19 4.62 1.02 35 A9 88 L6 .33 30 .26 26 W14 16 .08 19.96
2 8.63 4.23 4.4 15.57 1.50 1.45 1.63 1.72 1,47 .88 .37 .29 .2 .08 .07 .03 .03 42.36
3 3.63 .03 .67 W49 2.68 .38 .35 .37 .29 1.83 .23 .13 16 10 07 13 .09 11.49
4 15.03 5.20 2.52 2.09 1.86 1.10 .83 .65 .25 .09 .18 A1 .05 .03 a1 .03 .07 34.20
5 0,87 1475 o84 66 2,27 68 A1 90 .35 W20 W17 .27 L0t W11 .09 .06 .06 15.48
6 30,11 1.69 66 .63 .86 .06 .11 .12 .07 .35 .19 W0 05 .04 .03 .02 .1 2335.10
? 19.46 6.86 .71 .30 .20 47 I35 21 93 73 .05 .30 W09 .15 .18 .26 .03 31.26

Neun

Clecrones 12,79 2.96 1.76 3.42 2,00 .75 .58 .4 6@ .67 .22 .21 .12 .0 .10 .10 .05 27.13

Cumulative

Clesronce 12,79 15.75 17.51 20.93 22,93 23.68 24.26 24.90 23.57 26.18 26.46 26.67 26.79 20.83 26.98 27.08 27.13

® Clesrance rstes sre mxpressed ss the percant of the initial lung buxden. -

(5) Clearance rates from 1 day to 5 days following exposure. Seven=

teen rats were injected using the vertical injection technique and

daily clearance rates were determined over five days (Table 5). The results
are shown in Figure 6. The total clearance over 5 days equalled 21.5% +
2.1% of the delivered dose. During the first 24 hours, 14, 2% + 1.8% of

the delivered dose was cleared, presumably following the kinetics of the

first and second clearance rate intervals found above. The remaining

7. 3% + 0. 7% of the delivered dose was cleared from the lungs during the
subsequent & days. The clearance rates in Figure 6 can be approximated
by a single exponential function having a T]/z of 1.5 days.
COMMENT

our findings suggest that mucociliary clearance rate variations over

five days following intratracheal exposure of rats can be characterized

nce nf _exnn i functions.  We h iptroduced the tgrm,




'elearance rate interval'! to designate a limited time interval over which
clearance rate variations can be expressed by a simple mathematical
relationship. The experimental data indicate that three distinct loga=-
rithmic clearance rate intervals are needed to describe clearance rates

over five days follcwing the intratrachezl injection of particles.
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FIGURE 5.

Mucoci liary clearance rates following the semi-horizontal injection
of particles (see Table 4).

A deliberate attempt to alter the deposition pattern of the injected
particles along the tracheobronchicl tree was made in these experiments
by changing the position of the rat during and immediately following the

intratracheal injection. It was assumed that the gravitational effects

m

1041372



TARLE 3
CLEARANCE RATES FOR DAILY COLLECTION INTERVALS ON RATS
TIPOSYD Y THE VIRTICAL IRJSECTION METHODA

Rat Time Poat Exposure, Days

Naber 1 1 3 4 s Total
1 11.49 2.66 1.48 <8 <08 13.99
2 11.80 1.83 33 %)) .18 14.43
3 15.15 3.57 2.66 3.36 ® 25,04
& 16.88 3.03 3.2 1.60 2.53 27.28
5 S5.97 69 1.40 -85 80 2.61
6 21.67 57 98 13 1.52 26.15
7 19.23 3.0 «87 26 2.15 23.52
8 11.60 7.50 «29 26 = 19.6S
9 13.30 &.40 1.10 2.08 1,33 22.41
10 3.30 2.97 1.43 +6h <30 8.66
u 14,92 5.62 2.08 1.22 «32 26.19
12 10.58 1.96 1.30 1.05 o33 16,27
13 24,29 2.93 2 6.90 «02 34.16
14 3.10 1.54 §.97 2.12 2.11 13.3%
15 32.49 6.04 5,37 ‘36 +h9 44,75
16 16,59 2.41 1.10 2.76 17 23.09
17 8,76 3.42 2.66 28 23 15.37

Heen

Clearence 14.18 3.0 . ¥ 1.5 80

Cumulative

14.18 17.9 9.0 20.74 21.54

& Cleszmce rates are eapreseed as the porosmt of the initisl lung dbuxden.
= Callectiocn fost.

on the particle suspension would result in a deeper penetration of the
pulmonary system wher the animals were positioned vertically, The total
clearance over 2 6 hour period in the vertically injected rats was
significantly icwer than the total clearance in the semihorizontally in-
jected rats, i.e., 8.1% vs 32,7%, respectively, (Tables 2 and 3), and the
individual hourly clearance rates between the two groups also differed
significantly (Figure k)., Since the variations in the injection techni-
que would not be expected to produce a difference between the two giroups
in the functioning of the mucociliary escalator, these data suggest that
the variation in the injection technique results in an altered deposition
pattern of the particles. The change in the distribution of the particles

was reflected in the changes noted in total clearance and hourly clearance
rates. The experimental method, therefore, is capable of assessing the

effects of altering the particle deposition pattern even though the specific
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FIGURE 6.
Comparison of the empirical data (points) with the mathematical

formulation (solid lines) of the clearance-rate-interval of Figure |
{see text).

cistributions of the particles along the tracheobronchial tree remains
unknown.

Although we were able to infiuecnce clearance dynamics by varying
particle deposition distributions, the data is inadequate to determine
whether or not a change in the duration of the clearance rate intervals
was produced, If further experiments utilizing modes of exposure which
would give different particle deposition patterns, such as aerosol
inhalation, produce the expected variation in clearance dynamics but show
the same duration of the clearance rate intervals, a definite anatomic

compartment or a specific physiologic clearance mechanism might be suspected.
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The first clearance rate interval having a T]/z of 47 minutes and extending
from zero time to 150 minutes following exposure probably results from
particles deposited on, and rapidly cleared from the mucociliary epithelium
of the upper tracheobronchial tree. The specific anatomic or physiologic
basis of the second clearance rate interval extending from 2.5 hours

following exposure to less than 24 hours and having a T1/2 of 2,8 to 3.9

hours Is less certain, This also applies to the third clearance rate
interval extending firom one day to at least five days following exposure
and having a T]/Z of 1.5 days. For clearance rate intervals in which
the clearance rates decrease logarithmically the mathematical expression
of clearance rates, clearance and retention would be as follows:

Clearance Rates

R = Ry e Kt (1)

1St St

~

n = clearance rate
Ro = initial clearance rate

k = clearance rate constant = 0.693
T1/2

tI + t2 time of onset and end of clearance rate interval

t = time post exposure between limits t] and +y

Retention. The total amount of material (Do) cleared during a defined
clearance rate interval may be considered as the total amount of material
initially retained (or deposited) in some subsection of the pulmonary
system, It follows from the definition of clearance rate that R = %% at

“ime t where D is the amount of material retained in the pulmonary subsec=

tion. From this it can be shown that
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Ry = =kDg (2)
Hence retention D can be written
D=D_-e (3)

Cumulative Clearance. Since cumulative clearance (C) of material

during a defined clearance rate interval is equal to DO-D at any time t,
. i1t can be shown that

¢ =D, (i-e~ %) )

In Ficure 7 the solid lines are constructed by assuming that the prior
mathematical formulation applies to the first clearance rate interval of
Figure 3, where t; =0 minutes, ty, = 150 minutes; T]/z = 30 minutes and
D, (correctec) = 11,28% of the delivered dose. The experimentally deter=
mined data derived from Table 1 are plotted. It should be emphasized that
retention refers rnot to total lung retention but only to the fraction of

material remaining to be cleared during the clearance rate interval.

CONCLUS T ONS

The determination of the gencral relevance of our findings must
await comparison with data based on inhalation experiments. As empha-
sized asbove the study of clearance kinetics cannot be divorced from
the effects of paerticle deposition distributions. These experiments
demonstrate & method in the rat of determining clearance and clearance
rate data in the immediate post exposure period. The technique permits
the assessment of the effects on mucociliary clearance of variables or
stresses which may infiuence either the deposition of particles or the

mucociliary escalator mechanism.
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UPTAKE OF 1251 IN THYROID OF SEVEN
INDIVIDULLS FOLLOWING INHALATION INCIDENT

F.L. BORDELL,* J,A, SAYEG and N, WALD
Department of Occupational Hzalth
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 the greater Pittsburgh

area were inadvertently exposed to vapors of 1251 the morning of April 15, 1966.
The vapors had escaped from an open beaker containing 100mc of the isotope. The
incident was first noted when local radiation monitors indicated excessive levels
of radioactivity present in the laboratory. After Health Physics surveys of the
exposed individuals showed presence of contamination, they were brought to the
Radiation Medicine Department of Presbyterian-University Hospital. Further sur-
veys with a geiger counter indicated excessive activity in the thyroid region of
all seven personnel and swipe surveys of the nasal area indicated the presence of
contamination. After decontamination by showering, all personnel were counted
with a 2" x 2'" NaI(Tl) crystal assembly utilized for detecting the 28 kev K X-rays
of 1251. This unit was connected to a 400 channel TMC analyzer with the detector

placed for two measurements per individual at distances 10.5cm and 42.5cm from the

isthmus of the thyroid on the initial day.

*AEC Fellow, Oak Ridge Associated Universities.

117

1041318



The individuals 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 only available 1251 source, an oleic acid diagnostic test capsule

£ 125

containing 34.lpe o I. The capsule was placed in a plastic ''thyroid phantom."

Included in further post-exposure measurements was a thin xtal ELIcm NaI(TliJ
detector. Different measurement techniques were utilized with the various detec-
tors and excellent agreement was obtained.

As of this writing (140 days post-exposure), follow-up studies of the
biodecay have been performed on 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 ecopper absorber was placed over the
individuals' thyroids. A least-square analysis of the biodecay data, assuming an
exponential fit, has been performed and an estimated half-life for 1251 has been
found to be 38-45 days with an average of 41 days + a standard deviation of 2 days.
Effective half-lives of 36 and 45 days were found for those two individuals refus-
ing follow-up after the third measurement. These results are significantly dif-
ferent (by a factor of 50%) than the effective half-1ife of 27 days quoted in
the literature.1 One individual administered KI for 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,

1. H, Endlich, P,V. Harper, et al: Am., J. Roentgenol. Rad. Therapy and Nucl.
Med., 87, 148 (1962).
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internal dosimetry calculations based on these uptakes and under the assumption of

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

INITIAL THYROIDAL UPTAKES AND DOSE (o#) VALUES®

Extrapolated
Employee Initial Co (uc/gm) Tors (days) Dy (C&) rads

Uptake (uc)

A 22.1 1.11 45 114

B 3.20 0.160 38 14

c 2.44 0.122 39 1

D 0.228 0.0114 43 1.1

E (4.00); 1.36 (0.200); 0.068 @5); 38 14 (8 + 6)

b 8.70 0.435 45 45

G 2.70 0.135 36 i1

2 Doses based on equation Dy (©9) = 2.29 T,es Co except for modification
in case of Rmployse E. The dose is considered vegligible during the
initial rapid fall-off between days 0-4.
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The Detection of Insoluble Alpha Emitters in the Lung

Roger Caldwell
Nuclear Materials ard Equipment Corporation
Apollo, Pennsylvania

Introduction

The pulmonary lung is the critical organ for many industrial exposures to
radioaerosols. This is because the oxides of the actinide elements are cleared
very slowly from the pulmonary compartment(l). As little as 0.5 microcurie of
239Pqu has produced a high percentage of lung cancers in beagles(z). And stuﬁies
on uranium miners from the Colorado Plateau(B) show no human immunity to radiation
induced lung disease.

If we designate the lung as a critical organ, then it is necessary to
estimate accumulated lung burden in occupationally exposed workers. This paper
will show that fecal sampling is the only satisfactory method for estimating lung
burdens of insoluble alpha emitters. These insoluble alpha emitters are those
actinide compounds classified as Class Y in the new lung model. The most important

232

are 23%u0y, im0y, 2Muoz and “?“mnos.

I. The Deficiencies of Urinalysis and In-vive Countinz for Class Y Actinides
In 196k Sill(h) pointed out the errors in using urinalysis as a

routine monitoring method for internal radioactive contaminants. In his
experience, radiocactivity measured by whole 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 tract, the nasal-pharynx, tracheo-bronchial
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ICRP DEPOSITION AND RETENTION MODEL

Figure 1.

and pulmonary compartments. Almost 100 per cent of the imsoluble alpha
emitters deposited in the N-P and T-B regions are removed by ciliary mucous
transport to the G.Is Tract in a matter of minutes. This rapidly eliminated
fraction, represented by (b) and (d), together with a similarly rapidly
removed pulmonary fraction (f) make up an early clearance phase (Phase I).
All Phase I insoluble alpha activity is eliminated in the feces. A second
clearance phase with 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 material originally deposited in the pulmonary compartment is
absorbed (e) into the circulating blood. Another 15 per cent is removed to

the lymph system (about 104 of which is later transferred to the blood).
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The remainder is eliminated by endocytosis and the‘ciliaay'escalator through
the G.I. Tract to the feces.
Dolphin and other UKAEA workers have suggested that lung burdens of

Pu02 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 and subsequently deposited on the bone®
and other organs. The plutonium thus deposited will be excreted very slowly.
The maximum urinary excretion from a maximum permissible lung burden (16 nc)
would be less than 0.2 d/m/day. This maximum would occur several months after
the deposition.

On the other hand easily measured quantities of.plutonium are excreted
in feces. This is demonstrated in Figure 2. A fecal excretion reference level
is derived. Elimination from the pulmonary lung is by way of the blood, lymph

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

1) the half time of elimination from the pulmonary lung is 500 days.
This is the recommended value in Appendix I of the Lung Dynamic Task Group's
report.

2) The daily elimination from the Lung (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 eliminated from a 16 nc lung
burden, 32 d/m by way of the feces. One tenth this value, or 3.2 d/m/day would
be a suitable reference level. Persons excreting safely below this level could

be safely assumed to have non-hazardous lung burdens.
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PHASE II FECAL EXCRETION REFEKENCE LEVEL

40
G—6Y
_! T N=LUNG BURDEN (NON-AVA!LABLE)
G.I. TRAC LUNGS COMPARTMENT
) 15
]G—BY lRY
BLOOD LYMPH .

I. TASK GROUP DEFINITION, PuOg:
693
N = Noe-?o-at(dan)
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Y ® Yoe 500

. 4 ._.'.92.3.'
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ch
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.Y,[O.gg_g]

Yo 500
No = —o3
II. MPNg s (6nc = 3.5x 10%d/m

Yo s 8931358510%d/m
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s 49d/m/ day

IZ. DAILY FECAL EXCRETION = %%Y
e 32 d/m/day

Figure 2.

The non-available compai<ment represents possible retenticn of ac-
tivity In the lung which is not available for eliminestion. This could occur

y inclusion in scar tlssue, ztc. and would invalidate burden estimation by

s’

fecal sampling unless the fraction retained were known. This phenomenon can

oe segen in Sill's data(b') and a case by Saxby(lo) where fecal excretion half

times were shorter than chest burden elimination half times.
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II.

In-vivo or whole body gamma counting has demonstrated excellent results
for the accurate assay of many radionuclides in the human body. The only
requirement 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
energetic gamma radiation. 2350 is detected to levels as low as 7 NC.(6),
232Th can be detected by garmmas from its daughters, but redistribution of
these daughters make evaluation difficult(?). Recent advances(s)(g) by
using thin Nal crystals have improved the detection of 24lAm and 239Pu.

2 ne of 2*1am and 16 nc of 23%9Pu can be detected in the lung. The detection
of 239Pu depends on the 241 oy present.

There are two basic shortcomings of present In-vivo counting methods
for actinide elements. Adequately shielded and sensitive whole body counters
are expensive (»$250,000) and suitably inexpensive counters cannot usually

detect lung burdens smaller than permissible.

Fecal Sampling Experience at the NUMEC Plutonium Laboratory
Fecal sampling has been carried out at NUMEC's Plutonium facilities

since January, 1966. It is used to accomplish three goals: (1) the early
detection of acute inhalation exposures, (2) the estimation of detected
lung burdens, and (3) the screening of potential chronic exposures.

The Early Detection of Acute Inhalation Exposures
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,

filled with propane gas frdm a leaking Bern-z-matic torch, exploded when
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EXCRETION DATA
ACUTE INHALATION EXPOSURE, January I7, 1966

241amo,
T T 1 T T 1T 1T T T T T 71T T 7T T 1T 1
—@ 36,600 —
— DTPA TREATMENTS ]
URINE 1
—
\, ".\‘ ]
~o” 4;\ -—
V0 Ry W 2 S N I Y S T O I I .
2 4 6 8 {0 12 14 28 62 120
? DAYS POST EXPOSURE ?
LUNG BURDEN 2inc¢ ?Tnc Tnc <2n¢
EST., GSPH 18n¢  3nc <2n¢
Figure 3.

the technician struck the lighter. Zl*lAmOz was the main contaminant. Urine
samples collected from the time of the accident throughthe third day showed
negligible quantities of 2‘*lAm. However, the first fecal sample, comprising
the bulk of the Phase I clearance, contained more than 16 nc. This fact plus
positive indications from whole body counts on the second day prompted medical

consultants to perform chelation treatments the fourth, fifth and sixth days.

The urine excretion level rose to more than 30 d/m/day and fell off over
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the next 100 days to normal levels. The fecal level also rose, repeating

the pattern of urine excretion. More than 2 nc were eliminated.

Eung burden estimates were made by thin crystal counting at the
Presbyterian Hospital Whole Body Counter operated by Pitt GSPH personnel.
These counts were performed on the sec;nd, fourth, fifth, sixth, tenth,
twenty-eighth and sixty-second days past exposure. The indicated elevated
counts on the second and fourth day are suspect, since residual external
contamination was found on the patienﬁ% chest., When this was removed, the
count dropped off by a factor of three. This decrease cannot be attributed
to DTPA treatment, since less than 100 d/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 were ultimately excreted and several nanocuries

should have been transferred from the lung to the bone.

The important point is that only the initial positive fecal sample
gave a clear indication that an inhalation exposure had occurred. If only
urinalysis had been used, it would have been concluded that no exposure had
occurred. No DTPA treatment would have been prescribed and the technician

would have unknowingly retained a lung burden of insoluble alpha enmitters.

It is gratifying to learn that DTPA can effectively remove AmOz and
Pu02 from the lung. This possibility has been suggested by Tombropoulos(ll).
He also indicated that the heat treatment history of the aerosol particles
might alter the effectiveness of DTPA for removing PuO2 from the lung.
Perhaps this is the reason, Rocky Flats has reported a lack of success with

similar chelation treatment(s).
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Estimating Lung Burdens

The potential of fecal sampling for estimating plutonium lung burdens

is illustrated in Figure 4. When routine fecal sampling was commenced in
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early 1966, we discovered that some individuals were excreting 239Pu in
their feces from previously undetected exposures. These excretion data show
that the fecal to urine excretion ratio may be large even for other chemical
forms of plutonium. An investigation into this operator's exposure revealed
that his principal exps 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 doubt. However, the lung clearance seems to have
a shorter half time, 100 days. The corresponding urine =zuzveticn rat:z seens
to be about what would be expected for transferral from lung to bone.

The estimated lung burden at the time of the first fecal measurement
is 7 nc.

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

from exposure for at least two days.

Routine Monitoring of Chronic Plutonium Exposures
Figure 5 shows the importance of routine fecal sampling in a plutonium

bioassay program. The excretion rates via feces and urine are plotted against
each other for all cases where samples were collected the same day. The UKAEA
reference level is set at 0.2 pc. Exposures below this are given no further

consideration. The derived fecal reference level was given earlier. It is at

1.5 pc.
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Many of the fecal data undoubtedly represent Phase I clearance and
are not necessarily important. However, it is obvious that urinalysis
gives false assurance on the adequacy of environmental control. The
information presented here caused us to investigate and correct conditions
of which we had been unaware. Breathing zone sampling and fecal analysis

will jolt any established plutonium facility out of its comfortable routine,

The - Mechanics of Fecal Sampling

Fecal sampling is generally considered objectionable. We have found,

given proper indoctrination and sampling technique, that our employees have
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ITI.

been as cooperative with the fecal.sémpling programs as they are with urine
sampling.

We give the employee a quart plastic refrigerator carton, a small
roll of tape, a paper bag and a written set of instructions. He takes this
home to submit the sample. We have found it necessary to do home-only
sampling to avoid low level contamination of samples. After depositing the
sample in the carton, he replaces the 1lid and seals it with the tape. The
carton is placed in the paper bag and brought back to the laboratory to
await shipment to the Bioassay Vendor. No fuss, no smell, no messy handling
problems. We even add formaldehyde, as requested by one vendor, by injecting
the carton with a large hypodermic syringe. Thg resulting hole is sealed

with plastic adhesive.

Prelimary Results from Uranium Fecal Sampling

Fecal sampling was begun on a large scale at NUMEC's Uranium plant
in June, 1966. Generally we have found that uranium is easily detected in
the urine, but that the feces is the principal route of excretion.

One interesting set of early bioassay data following exposure to a
small release of enriched UF§ is shown in Figure 6. Here the fecal excretion
rate continues to increase until the fifth day before falling off. UO2F2 is
the inhaled product during "hex" releases. This is generally considered to
be highly absorbed into the blood from the lungs. Perhaps the delayed fecal
excretion rate peak is an indication of elimination of systemic uranium via
the feces. The urine curve ends the second day since the sequence of
succeeding urine data is in doubt.

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

ratios. The ratios were selected from 126 cases to eliminate data where
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1.

2.

3.

Se

6.

7.

8.

9.

fecal and urine samples were not collected simult;neously, where Phase 1
clearance will mask the long term retained excretion and where exposures to
compounds other than UO2 are possible.

The resulting 18 ratios fall almost magically into three well defined
groups: Group I has nine ratios whose mean is about 2.3, Group II's 6 cases
average 1% and Group 3, 60 for 3 cases. The study is continuing and whether
this log-normal distribution will remain is problematical. However, it is
obvious that at least some UO2 exposures are poorly detected by urinalysis.
Whole body counting is effective for enriched uranium lung burdens greater
than 7 nc. But fecal sampling is necessary for the sstimation of smaller

fractions of the permissible 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 calculating 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 operated 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 mot fit any
simple model of eliminatioa.?

Several computer programs have been developed to relate urine assay
data to body retention.®'* 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 unabsorbed 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 observed 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 inhalation 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 nor the translocation sites of the material
reaching the blood.

The object of 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 operations.

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 adopted to perform these body
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burden calculations. The method was felt to be reliable even though
the assumed 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 a half-time on the average of 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 Il, 235 DAYS
o CASE 1V,235 DAYS
(SAMPLE PERIODS
APPROXIMATELY
100 DAYS)
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LR l]
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jorsb—l Lt 10411111
0 200 400 600 800 {000 1200 1400

TIME AFTER EXPOSURE (DAYS)

1. Average pc Increase in Body Burden/Day vs. Time (100 Day Time
Period)

13
1041397



[ s CASE ill, 270 DAYS
@ CASE V, 240 DAYS

(SAMPLE PERIODS
APPROXIMATELY 100 DAYS)

10°3
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BRI ll

INCREASE IN BODY BURDEN PER DAY
(MICROCURIES)

porsl— 01101011011
0 200 400 600 800 1000 1200 1400

TIME AFTER EXPOSURE (DAYS)
2. Average pc Increase in Body Burden/Day vs. Time (100 Day Time

Period)
TABLE I
Determined Translocation Half-Times and
the Initial Days Transfer
TRANSLOCATION INITIAL TRANSFER

HALF-TIME DAY 1
CASE (days) (uc/day)
1 220 3.3 x 10+
2 235 1.22 x 107+
3 270 1.02 x 10-+
4 235 0.60 x 10-%
5 240 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 equation

2000
j‘ (I.T.) et g = D, (Total transferred to system,
1 Systemic or Body Burden)
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where (I.T.) = Initial Transfer,
x, = 0.693/240

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

p, = 0:994 (I.T.)

A,
The initial transfer fractions for Cases 1 - 5 are taken from Table I.

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

R = Total transfer - Total excretion
b Total transfer

2000 n=2000 2001-n
[La.T) eMtde - §F 0 @.1.) e™s [ L0079 £70-%% ae
Rt. = 1 n-l 1
2000

j‘ (I-T-) e"ut dt
1

2001-n
where (I.T.) e'nA-I .0079 £70-9% g4t - the integrated®:!° total excretion to
day 2000 for the qu&ntity (I.T.) e ™, which moved into the systemic
circulation on day n. The sum of this expression evaluated fromn = 1 to
n = 2000 gives the total 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)
R, = (0.927) e~ = 0.89

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

Dn - DE Rt - 0.994)‘ I.T. 0.89) - 308 (I.T.)

Table II lists these D, values and PUQFUA calculations.

Table II

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

INTEGRATION @ 2000 DAYS PUQFUA @ 2000
CASE (ue) DAYS (y¢)
1 10.2 x 103 9.1 x 102
2 3.8 x 107 4.0 x 10°32
3 3.1 x 10°2 3.6 x 1072
4 1.8 x 102 2.4 x 1072
5 1.5 x 107® 1.8 x 1072
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Case 1 received treatment with diethylenetriaminepentaacetic acid (DTPA)
which effected an increased removal of 0.0l uc. 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 100% _;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 known acute
uptake, have an average of 0.003 .c body burden (PUQFUA estimate). If this
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

Comparison of Three Methods for Evaluating Body Burdens

BODY EN.
BY EXTRAPOLATION BY CORRECTED PUQFUA BY INTEGRATION
CASE Ge) ()] o)
1 9.0 x 1072 8.9 x 10r?® 9.2 x 102
2 3.7 x 1072 3.7 x 1073 3.8x 102
3 3.5 x 1072 3.3 x 1072 3.1x 10°3
4 2.0 x 10-= 2.1 x 102 1.8x 1073
5 1.5 x 1032 1.5 x 103 1.5x 102

LUNG MODEL URINARY EXCRETION CURVE

With the assumptions 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 _
U, =0.002 (I.T.)y e Mt . (n-t+1) 074 (1)
t=1
where U = The urinary excretion of plutonium for any day n, and

A, = Rate of movement to systemic circulation.
This can also be expressed by the equation
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n Q '
U, =0.002 (I.T.) [ e Mt (n-e+1)"F7% de.  (2)
1
Healy” developed a similar equation in an attempt to evaluate lung
burdens from urinary excretion. Healy's equation

n
U, =0.002 1,Q, | e"At(n-t)-0.74 qt (3)

contained two unknowns, Q, (total f°ixed quantity in the lungs) and i
(the overall rate of removal of the fixed quantity from the lungs), and
hence the integral could be evaluated only by equating A = ), . These
two unknown variables are eliminated by dealing with a measured A, 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
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3. Case #1 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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with the PUQFUA and integration estimates for comparison.
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6. Case #4 Urinary Plutonium Excretion

PERFECT 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 1072 _c. At this time, 1250 days, approximately 96% 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 _,¢/0.96 = 3.6 x 10°3 ,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 6 received a pulmonary deposition exposure from a mixture of plu-
tonium compounds, principally plutonium fluoride and oxalate. The body
burden calculated by PUQFUA is 0.185 uc. An analysis of the calculated
body 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 follow 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 the 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 evaluations 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 analysis of the evaluations of the body burden calculations led to
the development of a urinary excretion curve for plutonium resulting from
lung burdens of plutonium oxide. This model curve facilitates a more
rapid estimation of a 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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A Review of 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 1is reviewed in the
hope of deriving some idea of the constancy of plutonium excretlon
by individuals,

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 sampling program would not necessarily
result in the generation of more dependable estimates 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 escaped from a heated 10-ton
cylinder, This paper describes the cause of the release as determined
by an investigation team, emergency actions taken, consequences of
the release, and several urinary uranium excretion patterns exhibited

by exposed employees.

SUMMARY

On February 14, 1966, the.re was a major release of uranium hexafluoride
in the Pilot Plant of the Feed Materials Production Center at Fernald,
Ohjo. A valve was accidentally removed from a heated 10-ton UF6
cylinder, and approximately 3800 pounds of uranium, as uranium hexa-

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

The work reported herein was berformed for the U, S. Atomic
Energy Commission under Contract No. AT(30-1}-1156,
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installed m a vaporlzer chest, was ready to provide feed to a UFG-to-UF4
reduction 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.

Eijight other operators involved in the incident were given oxygen as a
precautionary measure in the plant dispensary, Two hundred and eighty
National Lead and AEC employees submitted over 1,000 urine samples
which were analyzed chemically for uranium and clinlcally for albumin,

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

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

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

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 i:he cylinders are cradled in a movable vaporizer chest., A
length of copper tubing is attached to the cylinder valve to conduct the
UF6 gas to the process equipment, The cylinder is heated by steam
introduced through two perforated pipes which extend along the length

of the vaporizer hood.

Figure 2 is a schematic drawing of a UF6 cylinder 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 incident occurred during the normal Monday start-up operations.
The cylinder had been used briefly on the previous Friday without trouble,
At the end of the second shift on Friday the steamn 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 7:00 a, m, on Monday the steam valve was opened to heat the contents

of the cylinder. At 8:40 a.m. an operator attempted to open the valve
149
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FIGURE 2  Flow Sheet UFq to UF,

by turning a wrench stem which projected through an opening in the
vaporizer hood, The wrench would not turn at hig first attempt, He then
applied more pressure and the wrench began to turn. He made less than
one complete turn, felt a sharp movement, and then less resistance to
turning. Unknowm to the operator, the entire valve assembly had begun
to turn, Then the copper tubing broke, allowing the valve assembly to

unscrew completely from the cylinder.

The operator was immediately engulfed in the escaping cloud of UF6.
Two other operators nearby helped him to escape the building, There
was an lmmedlate request by a nearby security patrolman for an ambulance,

and a disaster alarm signal was sent from the bailding, 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
ambulance to the dispensary 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 day.

He remained hospitalized for 6 days for observation. The two chemical
operators who accompanied the man to the dispensary were also given

oxygen but were not hospitalized,

The water deluge and spray system which was installed in the chest for
controlling leaks ls manually operated., An attempt was made to activate
this system as soon as the leak was discovered but it failed to function
for a few minutes, It is not known if this was due to equipment failure
or if the operator, in his excitement, pushed the lever in the 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 sufficiently
to permit a wooden plug to be driven into the valve opening. This stopped

the leak,
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- The escaping gas was carried by the wind in a southeasterly direction
over a laboratory bullding and the administration building. Personnel
from these buildings were evacuated to a location north and east, All
employees were instructed that if they had noticed any pecullar odor or
had any reason to believe they may have Inhaled some of the material they
should report to the dispensary, All Involved in the emergency actions
were also asked to report to the dispensary. Urine samples were col-
lected from all of these individuals within a few hours of the incident
Follow-up urine samples were collected at the beginning of the work

day for several days after the incident

ACTIVITIES OF THE BIO-ASSAY LABORA TORY
There was no need for evacuation of the Health and Safety Building since
it and the site of the UF6 release are on opposite ends of the project.
Most of the personnel of the Bio-Assay Laboratory continued their

routine duties during the release,

Urine samples began arriving soon a.f.fer 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
flaorometric technique. In the usual procedure, samples are analyzed
in triplicate, and one technician can analyze 60 to 80 samples per 8-hour
day. Because of the large sample load and the need for rapid results,

the procedure was changed to duplicate analyses.

In our normal program, each urln'e‘speclmen submitted for analysis is °

accompanied by a data slip identifying the sample. After analysis, the
| ‘ 152
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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 many cases, we needed to know if certaln employees
had submitted samples which were still walting to be analyzed. To find
out, we had to go through the stack of data slips for samples awaliting
analysis, If information was desired before the preparation of a typed
sheet or data processing 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 will have an up-to-the-minute record, for each

employee, of samples which have been analyzed and of samples awaiting
analysis. Information sheets could be 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 copiexr. Com-
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pleted 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 voided 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 samptes from these employees,
There was no clinlcal evidence that any employee suffered damage as a

result of his uranium exposure,

Ellmination of uranium was rapid, 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.

Emplayee A - The firat urine sample from the hospitallzed chemical
operator was collected 2-1/2 hours after his exposure., Foar a period
of 8 days, during hig 6-day hospital stay plus 2 days at home, total
urine voidings were collected and analyzed for uranium, During this
8-day perlod, only two voidings, at t = 83,8 hours and t = 96. 3 hours,

were not collected (t = time interval, in hours, following the incidenil,

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 concentration was down

to 0. 055 mg/l. For this period of rapid decline, the biological half-life

is about 5 hours, From t = 25.5 to t = 35,9 hours, the concentration
dropped from 0. 055 mg /|l to 0.026 mg/l. Concentration increases occurred

at t = 40. 5 hours (0. 049 mg/l) and at t = 65, 6 hours (0,033 mg/ll.
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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 apparent correlation between his therapy and the two

peaks in his excretion curve,

The graph in Figure 3 preseats 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 v?as
0.018 mg/l; most concentrations were below 0.010 mg/l. Normal con-
centration for this employee prior to the incident was 0,01 mg/l. Total
uranium excreted was 3. 36 mg after 25,5 hours and 3, 65 mg after 211. 6

hours when the collection was stopped.

The employee's condition improved rapidly during the first few days in the
hospital. He stayed for 6 days, primarily for observation. He returned
to work, fully recovered, 9 days 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
urinary uranium which was similar to that of the hospitalized worker,
This employee is a member of the Water Treatment Department, and
during the release he helped man the fire hoses, His exposure differed

from that of Employee A. Employee B was exposed for a longer period
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of time but was exposed to lower concentrations. The first urine void-
ing, collected 2 hours after the start of exposure, contained 1,3 mg U/l
A second voiding 5 hours later contained 1.2 mg U/l. After this voiding
the uranium concentration dropped rapidly, with a half-life of about 4.5

hours. Results are graphed in Figure 4

Emplaoyee 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,

Employee D - This Pilot Plant employee was involved in efforts to halt
the flow of UE,, For 7 hours after his exposure his urinary uranium

concentration 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/l {t = 17. 8 hours). See Figure 6,

.01
< = 05fF
g 2
2 z
S g T
z z
= = 0.1} —
2 2 -
Z g -
%0.05 & 0.05
0.01 I l l ] 0.0 ] L L
0 10 20 30 40 50 0 10 20 30 40
t, HOURS t, HOURS
FIGURE 5 Employee C FIGURE 6 Employee D

This employee usually consumes large amounts of liquids. After his
exposure, during the remainder of the workday, he and several Pilot
Plant employees were kept in the Health and Safety Building for obser-
vation by the Medical staff. Only water and liquids from the Cafeteria
and dispensing machines were available. It was during this period of
inactivity that his urinary uranium concentration decreased in a "straight-
line* pattern. His habit after work, when the pattern became erratic, is

to drink other liquids, including beer, in modest quantities.

157

Iouiui18



Employee E - After evacuating the Pilot Plant, this employee helped
move fire hose to an area near the cylinder, He directed the nozzle of
one hose, trying to cover the men who were trying to plug the cylinder.
He worked without a respirator for 20 to 30 minutes and 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 Employee A, we have no explanation for this behavior. Peaks

of this type have been noted in other UF6 exposure cases.

Employee F - This employee was at the reduction process panel board.
He looked through an observation window just as the injured operator

passed, in a cloud of fumes. He notified a supervisor that there was

a UF6

system. When the fire brigade arrived, he helped man a fire hose. His

release and then tried, unsuccessfully, to activate the deluge

first urine voiding was collected 3,3 hours after the start of the release.

See Figure 8,

Other Employees - Sixty other employees submitted urine voidings which
had uranium concentrations between 0.1 and 0. 9 mg/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 Laboratory and

Administration 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 contajued 0,006 mg/l.

The Medical Department Clinical Laboratory analyzed almost all urine
samples for clinical abnormalities before the samples were analyzed
for uranium. No abnormalities were found which could be attributed

to exposures resulting from the UF6 release.
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PROBABILISTIC METHODS OF APPRAISING
COVERAGE OF BIOASSAY SAMPLING PROGRAMS*

by
S. Marshall Sanders, Jr.
and
F. Delano Knight

Savannah River Laboratory
E. I. du Pont de Nemours and Co.
Aiken, South Carolina 29801

INTRODUCTION

In a bioassay program, urine and other excreta are
analyzed to determine how effectively current protection
practices prevent assimilation of radionuclides by employees.
A basis 1s needed to determine how often these samples must
be collected from employees to provide adequate coverage at
minimum cost. The method of West and Reavis!(?) statistically
evaluates recent past data to establish sampling frequen-
cies. However, this method assumes no change in working
conditions or effectiveness of protective measures,

Two probabilistic methods are presented which are
based on a program of sample collection rather than past
data, and avoid these assumptions. In these methods,
coverage is defined as the probability of a single assimi-
lation of a specific gquantity of a radionuclide being
detected by urinalyses. One method gives the probability
of detecting by a program of urinalyses an assimilation by
anyone in a group of individuals. The other gives the prob-
ability of detecting an individual's assimilation by
analyzing a given sample of his urine.

*The information contained in this article-was developed
during the course of work under Contract AT(07-2)-1 with the
U. S. Atomic Energy Commission.
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METHOD I - GROUP CONSIDERATION

If an assimilation of a radionuclide occurs in a group,
the probability 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
limlt of detection, during which the assimilation can be
detected if a urine sample 1s collected from tre individual.
By sampling the group at regular intervals, I, there will
be a period of time, mI (where m = [T/I] or the rumber of
whole integers in T/I, e.g., for 3 T/I < % thenm = 3.),
when detection 1s certain if the individual is sampled.

When T > mI there will also be a probability of detecting
the assimilation during an additional period 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 of an individual being sampled and an assimilation
being detected during the period T-mI, the probability of
these two events are

P(A) = P(S)A-P(DIS)A

QUANTITY
EXCRETED
PER DAY
- P(A) = P(S),- P(DIS),
| = P(S),: PIDIS),
4..
3 L
o |0ETECTION
LIMIT
|+ F—

TIME » 7I 6 51 41 3l 21 1
FIG. 1 THé PROBABILITY OF DETECTING AN

ASSIMILATION IN A GROUP
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and

E(B) = P(S) -P(D|S)B

B

where S is the event of sampling at least once, and D|S is the
event of detecting an assimilation, given that a sample had
been taken. If F is the fraction of the group sampled, then

2 m-1

P(S), =[F + (1-F)F + (A-F)°F + ... + (1-F) °F]

A.
and P(D|S)A =1,
or taking the sum of a geometric series of m terms gives
: m
P(A) = 1-(1-F) . (1)
Assuming that the probabllity of an assimilation occurring at

a particular time between urinalyses is the same as for any
other time during the lnterval,

T-mT
).

T (11)

P(B) = P (

The probability of detecting an assimilation in a group
P(GP) can now be expressed as the sum of the probabilities
of detecting the assimilation either during the first or
second period or during both periods

P(GP) = P(AB) + P(AB) + P(AB)
where P(AB) 1s the probabllity of event A occurring and
event B not occurring, etc. Since A and B are independent,

this equation can be written

P(GP) = P(A)-P(B) + P(A)-P(B) + P(A)-P(B).

Substituting
P(A) = 1-P(A)
and
P(B) = 1-P(B)
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in the above equation gives

P(3P) = P(A) + [1-P(A)]-P(B)

or

P(eP) = 1-{1-F)" + (1-F)m-F-(1§?l).

Rearranging this gives
m T
P(CP) = 1-(1-F) [l—F(f -m)?, (111)

It should be noted that there are no restrictions upon this

relationship. If %-<1, then m=o and P(GP) = F %. This 1is

true even when F=l, since

lim (1-F)°- 1.

F—=1

The values of P(GP) for various values of T/I and F are
plotted in Figure 2.

METHOD II - INDIVIDUAL CONSIDERATION

If we select one individual from a group, the probability
[P(IN)] of detecting a single assimilation of a specific
guantity of a radionuclide by analyzing a given sample of his
urine can be determined with this method. Since a sample of
his urine has been collected, the probability of collecting it
need not be considered. In order to apply the probabllity
to anyone in the group, no knowledge of the individual's past
sampling history is assumed. Rather, the collection values
for I, F, and T for the "group consideration” can be used to
calculate the probability, P(IN). This probability is the
product of the probability of an interval of a certain length
occurring between two consecutive urinalyses, P(L), and the
probability of detecting a single assimilation occurring
during the interval, P(M), summed over all possible intervals,
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FIG. 2 THE PROBABILITY THAT AN ASSIMILATION WILL BE DETECTED
IN A GROUP, P(GP), WEN DIFFERENT FRACTIONS OF THE
WORK GROUP, F, ARE SAMPLED, AND DIFFERENT INTERVALS
BETWEEN SAMPLING, I, ARE USED

NMO=ZP@%mm% (iv)
n=1

The development of expressions for P(L)n 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 of length I, the probability of an individual
selected for urinalysis having been selected with those in
the previous sample, and thus having gone one interval
between urinalyses is the ratio, F, of the number selected
to the total number in the group

164

041429



_ __Number selected
" Total in work group

P(L)l‘ =F

The probability of him not having been selected in the previous
sample but having been selected the time before and thus
having gone two intervals between urinalyses is

P(L), = (1-F)F, .

2

and the probability that he will have been missed on the last
two selections is

Number of
urinalyses
in last
four Intervals

. /A AR A a8
Time 41 31 2I 1

Number sampled = 10

rP(L), = F = Ol
| PO, = (-FIF =009
P, = (-FF = 008l
r PIL), = (-F)%F = 0.0729

Number in group = 100

FIG. 3 THE PROBABILITY OF AN INTERVAL OF A CERTAIN LENGTH
OCCURRING BETWEEN TWO CONSECUTIVE URINALYSES
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(1-F)°F.

P(L)3
Thus the probability of going n intervals between urinalyses
is
(1-p)""1F.

P(L), (v)

Figure 4 1llustrates the probability of detecting a
single assimilation cccurring during the interval between
consecutive urinalyses. Assuming that the probabillity of
an assimilation occurring at a particular time between
urinalyses 1s the same as for any other time during the
period, then the probability of an assimilation being
detected by urinalyses is the ratio of the length of time,
T, during which the rate of excretion 1s above the 1limit
of detection, to the length of time between urinalyses.
If I is the interval at which members of the work group
are selected for urinalyses and n is the number of such

QUANTITY
EXCRETED
PERgDAY N
i T4 NI\ N
al PMs=55 = 5 i \E \
: N N \\
3r : N N
> DETECTION ! LN N
LimT : | T=4 Mos,
I+ 1 | A TEd e
ZMSSED_ ] DETECTED
TIME » 9 8 7 S 4 |

3 2
D

31 =9 Mos.

@ @

FIG. 4 THE PROBABILITY OF DETECTING A SINGLE ASSIMILATION OCCURRING
DURING THE INTERVAL BETWEEN CONSECUTIVE URINALYSES
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intervals between an individual's urinalyses, then th
probablility of detection after n intervals is

T
P(M)n = or 1,

I

whichever 1s smaller.

Thus, the probability of an acute assimilaticn b
detected in an individual is found by substitution in
equation (iv).

T 2 T

P(IN) = F Tt (1-F)F EE'+ (1-F)°F 3Tt e
or
n=1
or
P(IN) = T (;5)1n(3) <1, (Fc).

When %‘) 1, an additional expression must be added to

above equation since P(IN)cannot exceed 1.
T 1 1 = T n-1
PIN) = F T [(Sp)n(3) - ) (= - 1) -F)"
(T 21), (F<1)
where m = [T/I] as previously defined.
When F = 1,

=L
P(IN) —I I\\ l)

167
041428

e

(vi)

elng

(vii(a))

the

(vii(p))

(vii(e))



or

P(IN) =1 (T>1) (vii(d))

Thus, if an individual has assimilated a certain
quantity of radicactive material since his last urinalysis,
the probability of detecting it in a given sample of his
urine can be calculated,

Values of P(IN) for various values of T/I and F are
plotted in Figure 5.

e
- - LB | ' i

.8-———4—-’32

6 -1+

O
—y
=z
S

FIG. 5 THE PROBABILITY THAT AN INDIVIDUAL'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 tc a hypothetical
plutonium bioassay program, the questions asked are: 1) How
good 1is the present sampling program? and 2) How can it be
improved?
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First, one of the above methods should be selected. For
our example the group consideration is used, since detecting
an assimilation by anyone in a group of employees is more
meaningful than detecting an assimilation by a single
urinalysis. Thus P(GP) 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
Langham‘2) ;

E = 0.0023 pr 077

where E, the quantity of plutonium excreted per day T days
after assimilation, and D, the quantity of plutonium assimi-
iated are in the same units, If E is expressed in

d/m/day and D as the percent cf the meximum permissible

body burden (MPBB) of 0.04 puCi, then the equation becomes

E = 2.0424 pp 077,

Solving this for T gives

. O4 .
T = (2 0 24 D)l 3

If T 1s the number of days before the excretion rate, E,
falls below the bioassay reporting limit of 0.1 d/m/day,
the above equation becomes

T = (20.424 D)l'3. (viii)

The coverage of an existing program can now be
expressed in terms of the probability, P(GP), of detecting
an assimilation of D % MPBB of plutonium in a group of
employees.

For our hypothetical program, let us assume that
the employees are divided into five groups according to
the interval, I,, at which they are sampled. Every
member of a group is sampled at the end of the
appropriate interval, thus the fraction of the group
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sampled, F,, is 1. The size of an acute assimilation,
expressed as percent of the MPBB, which can be detected
with a 50, 95, and 100% probability are calculated by
obtaining a value of T from equation vii and substituting it
in equation viii, These are given in Table I for the five
groups - quarterly, Q; semi-annual, SA; annual, A; three-
year, 3 yr; and five-year, 5 yr.

TABLE I

% of the MPBB which can be detected with a 50,
95, and 100% probebility using the hypothetical
sampling program.

I, D(% MPBB )
Group (days) P(GP) = .50 P(GP) = .95 P(GP) = 1.00
Q 91 0.93 1.52 >1.58
SA 182 1.58 2.59 >2.69
A 365 2.70 4.2 >4, 60
3 yr 1095 6.29 10.31 >10.72
5 yr 1826 9.32 15,28 >15.89

The values in Table I answer the question of how good
is the present sampling program. If these coverages are
acceptable, our study will be complete. However,
advantage should be taken of the ability of this method to
indicate where improvements in the sampling program can be
made.

A question frequently asked 1is, could the collection
interval, I, be increased without changing the coverage.
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 1s
made in the fraction of the group sempled, F. In this
example, however, F is assumed to be 1, so this 1s not
possible.

The fraction of the group sampled might be reduced
and compensated for by reducing the interval between
sample collections to maintain the coverage. This raises
the question of what effect this will have on the work
load of the bloassay laboratory.

170

1041431



To compare one program with another having different
values of F and I, the following expression for the compara-
tive bloassay work load, W, 1s developed.

FI_
W = —FoI 100 (1x)

where I, and F, are the sampling interval and fraction of
the group sampled under the basic program. Since here

Fo = 1, this reduces to

Io
W =-E- F 100.

This may be carried one step further by substituting

1 1-P(GP)

1
f=ﬁ[l' (1-F)m J*%

from equation (i1ii) in the sbove equation giving

I r
o] 1-P(GP)
W =— -
= [1 Tm + FmJ 100. (x)
It may be noted that when m = O, this equation reduces to
Io
W = P(GP).

Thus for a given P(GP), values of F and I have no effect on

the laboratory work load when %-( 1.

Let us now compare a sampling program which would pro-
vide a 50% probability of detecting the assimilation of 1%
of the MPBB with the above program for the quarterly group.
To do this, T/I 1s calculated from equation (iii) for
various values of F. Next T is obtained from equation
(viii) and I from the ratio of T to T/I. These results are
given in Table II.
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TABLE IT

The % of the present urinalyses made quarterly
required for a 50% probabllity of detecting the
assimilation of 1% of the MPBB when different
fractions of the group are sampled randomly.

F_ _T/I_ I(days) W (%)

1.0 .500 100 91
.9 .556 90 91
.8 .625 80 21
.7 LT14 70 91
.6 .833 60 91
.5 1.000 50 91
o4 1.417 35 103
.3  1.952 26 107
.2 3.117 16 113
1 6.592 8 120

A similar comparison 1s also made between the program
for the annual group and one which would provide a 95%
probability of detecting the assimilation of 5% of a MPBB.
This is glven in Table III.

TABLE IIT

The % of the present urinalyses mace annually
required for a 95% probability of detecting the
assimilation of 5% of the MPBB when different
fractions of the group are sampled randomly.

F T/ I(days) W (%)

1.0 .950 431 85
.9 1.556 263 125
.8 1.938 211 138
.7 2.635 155 165
.6 3.365 122 180
.5 4,400 93 196
4 5,892 69 212
.3 8.4y 48 228
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Table II shows that the fraction of the group sampled
each time can be cut in half if the interval between sampling
is also reduced from 100 days to 50 days with no increase in
the bicassay laboratory work load. (While there is no
increase in the work load, there is also no reduction caused
by decreasing ¥. Therefore consideration 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 should be sampled every 431 days
to reduce the work locad. Both tables illustrate that the
work load of a biocassay laboratory can be reduced by
judiciously redefining the desired coverage.

SUMMARY

The above derivations and examples provide methods for
expressing the coverage afforded by any biocassay sample
collection program. The probabilistic method is not
restricted to plutonium, but has general applicability to
all sampling procedures. Changes in the interval between
urinalyses or the fractlon of the group sampled can be
related to the work load of the laboratory and, with some
knowledge of the metabolism of the radionuclide, to the
probability of detecting an assimilation. Sample collection
programs can now be compared, appralsed, or tailor-made
to meet desired specification of economy of operation,
probabllity of detection, and level of assimilation.
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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
Oak Ridge National Laboratory
Oak Ridge, Tennessee

Abstract

After an intake of cesium, this element is eliminated over a 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 a mathematical 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 biological half~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 workers was a problem of paramount importance. Data from ac-
cident cases as well as from planned experiments had also accumulated for the adult more
than for individuals of other ages. However, as data accumulated, it was apparent that the
retention pattern of a radioelement 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 et al. (1) used a 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 area 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 that a single compartment with an elimination rote that is propor-
tional to its contents is described by Eq. 1:

d
e A(t) = -NA(t) (M)

where A(t) is the amount of material in the compartment and A is the decay constant.
This equation has a single exponential as its solution. The retention of cesium by the adult
apparently may be considered to be retained in a single homogeneous compartment and
eliminated in the manner just described.

To introduce the age dependence into the retention function, consider a single com-
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 compartment,
it is necessary to make one assumption. Let us assume that the rate of change of a quantity
of material introduced into the compartment is proportional to the concentration of the
material in the compartment. The kinetic equation is then

d _ A(t)
-d—f- A(f) = -m V—Vm (2)

where A(t) is the amount of material in the compartment, W(t) is the volume of the com-
partment, and m is the constant of proportionality.

There is now the practical problem of determining what should be used as a measure
of compartment size. Many different measures might be proposed; examples of some of these
might be weight, muscle mass, body water, or potassium content. Since cesium is rather
uniformly distributed throughout the body, let us take body mass to be a measure of compart-
ment size for cesium. This is not to say that mass has physiological significance in cesium
retention. What should be inferred is that the true compartmental volume for cesium is
assumed to be proportional to body mass.

Although Eq. (2) may be applied directly, there is a simplification that can be made
for 137Cs retention. If at time t, the change in the compartmental half-life with time is
small compared to this half-life, the compartment may be considered to have a constant half-
life for material introduced into the compartment at time t. Therefore,

T1/2 _ W(fr)n|n2 3)

After this simplification, it follows that for a single intake at any time, the elimination is
exponential with a half-life determinable from the volume of the compartment at that time.

If W(t) is a known function, then after determining the proportionality constant, m,
the time dependence of the compartmental half-life will be determined. The constant, m,
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is determined by using the experimentally determined biological half-life for cesium in the
adult male and his body mass.

The adult values for body weight and half-life of cesium are used since they have
been the topic of many more experiments and are known more precisely. The mass of the
adult male is taken to be 70 kg. Although there is a wide range of biological half-times
reported in the literature for cesium in adult males, a representative value of 100 days has
been chosen. Having determined m from Eq. 2, the relationship between biological half-
life for cesium and body mass is given by

T/ (1) = 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-life of a group of grossly normal individuals. Such parameters
as percent body fat, environmental temperature, or work activity may greatly influence the
biological half-life. However, a 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
curve for males is that given by Mitchell;(2) the one for females is taken from reference 3.
Using these curves, the biological half-life for cesium was determined.

In Fig. 2 is a 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 cesium 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 a half-life about twice as large as Boni's results in the 5~to-10~year-
age group. However, McGraw(®) 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) and 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
single exponential model under equilibrium conditions, Snyder and Cook have produced
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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 examined 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-
logical half-life within an age group. Other parameters besides age are evidently important.
However, the model has been derived theoretically with few assumptions, and there is only
one arbifrary constant to be determined. 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 pCi 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 determine the beta dose rate,
let us dispose of this part before we examine the gamma-dose-rate problem. In Fig. 5 is
shown the radiological decay scheme of cesium=137. The ranges of both the emitted beta
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particles and the electron are less than 0.6 cm in tissue. Since this range is small compared
to the dimensions of the body, we will assume, as is usually done, that the entire kinetic
energy of these particles is absorbed locally. The surface skin is an exception however.

1guiuuo

TOTAL DOSE DELIVERED TO THE BODY

FROM A SINGLE INTAKE OF 'YCs
Beta Plus

Age Beta Dose Gamma Dose Gamma Dose
() (prad/uCi) (prod/pCi) (prad/Ci)

0 2680 1040 3720

| 2680 1450 4130

5 2680 1650 4330

10 2680 1900 4580

15 2680 2140 4820
20 2680 2390 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 a 137Cs concentration in the body of 1 uCi/kg. If a 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 uCi/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 prads/hr per uCi/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 cm. This
value is not small compared to the dimensions of the body, so we have the problem of deter-
mining 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 calculations. 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 radius 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 gamma photon interaction with matter and dispense with many
simplifying assumptions. However, we still need to specify the shape of the human body.
In Fig. 6 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 a phantom
approx imating the body size of grossly normal individuals ranging in age from infancy to
adulthood. For this problem, six phantoms representing body sizes of human males of ages
0, 1, 5, 10, 15 and 20 years were constructed. The weights and dimensions completely
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PHANTOM DIMENSIONS AND DOSE REGIONS

Age  Waigh H  H, H, H, A, ) A, B,
) (kgl {em) (cm) (cm) (cm)  (cm) {em) fem) _ {em)
0 .43 23 13 15 20 55 5 4.5 5
1 10.47) 33 16 27 kT 8 7 6.5 7
5 19.654 45 20 44 57.5 n 7.5 6.5 7.5
10 31. 902 54 22 4 80 4 8 6.5 B
15 54.041 &5 23 78 97.5 8 ? 7 ?
20 70.037 70 24 8o 100 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, breadth, and circumference of body parts obtained from the
Biological Handbook by Altman. (7) Reference material also was obtained from the phantom
constructed by Hayes and Brucer. (8) Data on the relative volume of body parts were obtained
from "Growth of Man® in Tabulae 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 rate was
calculated. There were usually five layers in the trunk section. However, in phantoms for
ages 0, 1, and 5 years, the trunk was divided into three, three, and four layers, respectively,
in order to obtain a reasonably accurate estimate of dose rate in each. Inside the trunk the
layers are further subdivided info five concentric bands. These bands are further cut by ver-
tical cross planes 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 Monte-Carlo-type method of calculating the dose rate was used. This code is
similar to the one used by Ellett, Callahan, and Brownell,(lo) but the phantom used here
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is different. The gamma-ray-attenuation coefficients for the medium were taken trom
Grodstein. (11) This method requires that the flight of a photon is mathematically followed
between interaction sites. Through probabilistic rules, the energy deposition of the photon
at an interoction site is recorded. After a large number of such simulated photon histc.ies
have been calculated, the average energy deposition per photon in a region is then estimated,
and the dose per photon may be calculated. 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 interaction 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 probabilistically from the Klein-Nishina distribut’on,
the energy deposition at this site can be determined. The process of photon flight is row
repeated but with a decreased energy. Let n =1, n, and n+ 1 be consecutive inter-
action sites for a photen. The mathematical 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 next interaction site; E, the energy of the photon during its
flight; and W, the weight of the photon during its flight. The weight of a mathematical
photon is the probability the photon exists and takes on all values from zero to 1. It is set
equal fo 1 for a photon just started from the source. However, a real photon ha. a weight
of either zero or 1 at all times. Suppose a photon,

Pn-] = P(xn-lr Yn=1r Zn-1/ qn_], bn-]l Ln-]r En-]l Wn-])l

is in flight between points n = 1 and n. We wish to know the energy deposition at point n
and the location of the point n + 1, which may be found if we find P, and use it i~ conjunc-
tion with Pr!_]. The coordinates xp, y,, and z  may be found by applying algeb: .ic
geometry using

Xp=17 Yn=1¢r *n=1s 9n-1r bn-l' and L ;.

The new direction of flight, a_ and b, is determined by using En-y and the Klein=Nishina
gamn.u photon scattering distribution. The new energy E, is calculated from the angle of

scatier, which involves a,_}, b a,, and b,. Length L is calculated as follows:

n=17 “n/

where o(E,) is the attenuation cross section of the medium and N is a random number chosen
uniformly on 0 SN The weight W, is given by
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o (E,)
o (En)

W, = W

n n=1
where o (E ) is the cross section for the Compton process. The energy deposition at point n
is

E

r op(Ep - 1)
EA = Wn-lL U%En-l) En-l

oc (En - 1) opp (En = 1) .
*‘_TE(E:_] €y -E) —Eﬂ(w—(fn-ri’e)_.,

where o (E ), oc(E ), and opP(En) are the cross sections for the photoelectric, Compton
and pair produchon 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 10-3.

Let us look briefly at the restrictions of this method as we are using it. Other than
the obvious inaccuracies that the shape 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 a high density and modified cross-sectional area for bone.

To take these into account would involve a rewriting of the entire code. Although the results
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 ]37Cs source
uniformly distributed in the phantoms. The units of the ordinate are in dose rate (prads/hr)
per unit activity concentration in the body (uCi/kg). Dose rates 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 paper 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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Since a Monte Carlo 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
formulas. As seen in the graph, the gamma dose rate vs. age has been approximated by
two linear functions. There is no theoretical significance to these approximating functions.
They are used as 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 two.
We shall examine results from the adult phantom first. In Fig. 8 is a graph of the average -
dose rate in horizontal layers from head to foot of the phantom. The error bars on the Monte
Carlo points are one standard deviation due to the statistical variability involved in Monte
Carlo calculations. We note particularly that the average dose rate along the truni. 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 gonadal 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

phantom is given in Fig. 9. Because little variation in dose rate exists among the layers
of the trunk, we may average the values from all layers to obtain better statistics. This
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to the variation of dose from left to right. From the Monte Carlo estimates, it was noted
that 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 at 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
appears 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 and center to side data.
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 phantom. It may be observed that the variation of dose rates among the phantoms is
about 10% after normalization in the manner described.

The equations approximating the data you have seen in the preceding graphs are tools
that 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 Yamagota(n) 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
phantom, the volume of the leg section and about one-half of the trunk volume nearest the
surface were taken to represent muscle. The equation separating these volumes is
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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.

2
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METABOLIC DATA ON INJECTED AND INGESTED 234Th

IN HUMAN BEINGS*

t *
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 beings, information on the metabolism of soluble
2347h after intravenous injection, and on the metabolism of
234Th(so4)2 after oral administration has been obtained.

Five elderly human subjects, 3 males and 2 females, were
injected intravenously with carrier-free 234Th in isotonic
citrate. Bioassay techniques used in the metabolic studies
include radioactivity 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 Biology and
Medicine, USAEC, under contract AT (30-1)-952.

1'Present address: Cancer Research Institute, New England
Deaconess Hospital and Dept. of Legal Medicine, Harvard
Medical School, Boston, Massachusetts.

1'=Senior Surgeon, U.S. Public Health Service ~ on assignment
from Radiation Bio-Effects Program, National Center for Radiological
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 a sex difference, the amount of Th measured in the
upper 20% of the body for the females being ~1.6 times greater
than that for the males. Total blood retention of Th is

~1l0% at 1 day, ~1% at 5 days, and ~0.3% at 10 days.

A second group of elderly subjects, 3 males and 3 females,

were administered orally gelatin capsules containing 234Th(SO4)21

4RaSO4, and BaSO4 carrier, deposited on ZnS phosphor to simu-
late original Ra dial paints. The same bioassay 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 2341h across the gut wall. The
average value for fractional 2347 transport is <0.0003, the
most probable value being 0.0002. 1Individual values range from
0.0001 to 0.0006. cCumulative fecal excretion of 234Th 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
and radiation protection guides for thorium in man are discussed.

Metabolic Data on Injected 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
to the metabolism of thorium in human beings. These results,
along with the results of an experiment on the absorption of
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thorium, are presented here in a form useful for bioassay needs,
and are the first, to our knowledge, relating to the metabolism
of thorium in man.

For studies in human subjects 234Th 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 234Th would be desirable for longer term ,
studies, but this is not possible and there is little choice
in the matter.

MATERIALS AND METHODS

Carrier-free 2347h is prepared by solvent extraction and
ion-exchange techniques from 238y 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 234Th and 224Ra
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)2 and RaS0O4 carried on
BaSO, intimately mixed in 2nS phosphor. The dry mock paint is
contained in a gelatin capsule for administration.

Standardization of the 234rh activity is carried out against
spectroscopically pure U30g 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 4.51 x 109 and its abundance of 99.3% (3). Standardi-
zation of 234Th 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
2347h dgetermined during the experiment is consistent with the
value of 24.1 days (3).

Figure 1 shows a gamma spectrum of 234qn. -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 93 keV) are useful because of their 10-fold
greater abundance even though greater self-absorption requires
more careful experimental control.
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Figure 1. Simplified Decay Scheme and Gamma Spectrum of 234y,

This spectrum was obtained with an 8" x 4" NaI(Tl)
crystal (resolution = 8.5X for 137(‘:-). The curve shown is a
composite spectrum with the portion below 200 keV made at a
gain 10 times higher than the remainder and appropriately
replotted to show all the details on one figure. Abundances
and energies of the gamma rays ars taken from Bjfrnholm and
Nielsen (4). The two ranges shown are used for body and
sanple measursments.

Body <y counting is carried out in the controlled background
facility or whole body counter described in the IAEA Directory (5)
under U.S.6.1. Standard chair measurements are made using a
tilting metal chair. Whole body measurements are also made with
the arc method developed by Evans (6), using an arc of 1.25 meters.
The reproducibility of these two whole-body counting methods is
~ 2=3%.

Since whole body vy counting of subjects after oral adminis-

tration of Th would include the contents of the gastrointes-
tinal tract, and since the absorption of 47h was anticipated

194
041433



to be 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 234rh 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
f ixed distance from the crystal face to the nasion.

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 sufficiently small to be considered insignifi-

cant, and that the efficiency for determination of body burden
is comparable to that of the standard chair position.

Phantom studies indicated that a residuval 1 uCi 234qh 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 104 across the gut wall would require the oral
administration of at least 100 ucCi 2347h. SXB measurements
using the 64 and 93 kev 234y, v rays (49-116 keV) are denoted
by the code "L8SXB", while those using the 1.0 MeV 234mp, v ray
(0.9-1.1 MeV) are denoted by the code "H8SXB".

Scan measurements are made with the subject lying supine
or 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 from the total counts divided by
the counting period.

Twenty-four hour urine and feces samples are collected in
individual 2 liter polyethylene bottles, preserved with HNO3,
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Figure 2. Illustration of a Subject in the “Skull and Cross-
bones” (SXB) Position.

The photograph shows @ subject seated at the SXB
assenmbly within the whole-body counter. The lead shield is
supported on an angle-iron dolly which permits the whole
structure to be moved in and out of the room. The 8" x 4"
crystal is mounted on a crystal tracking assembly which allows
the positioning of this crystal anywhere within the room. The
whole body counter room is lined with lead. The ceiling, in
addition, is lined with copper and tin. The shield behind the
chair consists 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 contribution to the crystal without having to line the
whole room with these two elements. The subject sits on a
chair, used by draftsmen, which is adjustable in height and has
a foam seat and backrest. The subject is pushed forward so
that the chest is up against the lead shield, the subject's chin
resting on the top lead brick and the arms surrounding the shield.
The distance betwsen the subject's head and the crystal is con-
trolled by a block of styrofoam 2.5 in. thick placed betwsen them,

and made to volume. The gamma activity of these samples is
compared to that of standard solutions of the same volume.

Blood samples are drawn in heparinized plastic disposable
syringes. Aliquots are dried in porcelain crucibles and ashed,
the Fe in blood acting as a carrier for the 234ph. The ash is
taken up in HNOj, transferred to planchets and counted in a low
background proportional flow counter.

196

1041451



Control samples were obtained from each subject and control
measurements were made on the subjects prior to the start of the

experiment.

Healthy male and 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 collection of excretion samples.

Injection of 234qn citrate is made in an antecubital vein.
The activity administered is determined by measurements on the
syringe contents before and after administration. Oral
administration of 234Th 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
dose schedule for each subject.

RESULTS

The calibration factors (net cpm/uCi retained) for the chair,
H8SXB, and L8SXB positions are shown in Fig. 3. The retained body
burden is calculated from excretion data.

The chair calibration shows a decrease of ~ 20% over the
first two days then remains constant at (80 + 3%) cpm/uCi retained
over the 24 day observation period, with no significant difference
between males and females. In contrast to the chair results, the
calibration for the H8SXB position shows a 10-30% increase during
the first day. The calibration factors for the H8SXB and L8SXB
positions show a difference between the sexes, with the females
having the higher values. For the HB8SXB position, the average
value for the females is (80 + 3%) cpm/uCi, and for the males
(50 + 4%) cpm/uCi. The respective values for the L8SXB position
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Table I. Dose Schedule and Physical
Characteristics of Human Subjects

2344,

Administered Age Ht. wt.
Subject {nCi) (yrs.) (cm) (xg)

TIVM2 2.52 72 182 93.1
TIVM3 2.57 70 176 64.9
TIVMS 2.80 81 180 78.1
TIVF2 3.10 79 164 69.0
TIVF3 3.01 72 149 $6.8
TRPOML 89.6 83 168 65.4
TRPOM2 141 63 175 79.9
TRPOM3 123 75 159 68.8
TRPOF1 247 72 163 76.5
TRPOF2 173 ) el 146 8.3

TRPOF4 203 77 149 51.3

Subject Code: TIV = 234'1'}1 intravenous; TRPO = 224Ra +234‘1‘h oral;

M = Male; F = Female.

are (1150 + 3%) and (720 + 5%) cpm/uCi. However, since the ratio
L8SXB/H8SXB is ~ 15 for both males and females after t = 1 day,

it is concluded that 234Th and 234pa are present in the same ratio
in 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 234Th between males and females, a difference which might
be expected to manifest itself in the chair measurements, but
which does not. Arc measurements made with Pb bricks shielding
the body from just above the sternum to the higs, and conducted
to determine whether a significant excess of 234qh 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 2341h 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 difference 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 2340 is not
proportional to the amount of 2341h in the blood, as shown in
Fig. 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) Positions Following Intravenous Administration
of 234m

The calibration measurements were carried out over a
24-day period until the excretion measurements were stopped. The
retained Th is calculated as the difference between the amount
administered and that cumulatively excreted up to the particular
time indicated. After the first 5 days only urine was collected
periodically since the excretion in the feces was negligible.

The sex differences for the SXB measursments are discussed in
the text.
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Table II. BExcretion of 234n Following
Intravenous Injection

Time After Cumulative Cum. Urine
Injection Excretion Cum. Peces
Subject {Days) (% of Inj. Dose)
TIVM2 4 5.03 11.6
5 5.30 12.2
TIVM3 4 6.18 12.1
5 6.43 12.7
TIVMS 4 4.52 13.1
5 4.81 12.4
TIVF2 4 5.60 27.0
5 5.89 23.5
TIVF3 4 5.99 36.4
5 6.38 25.6

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 to an increase in the Th plasma clearance
with time or to an exchange of Th between plasma and red cells or
to other factors is also unknown at this time.

The retention results are given in Fig. 4. The results are
a composite of excretion measurements and of measurements made
with the chair and L8SXB positions. The retention drops to
~93% at 20 4 and then changes very slowly through the 100-day
observation period. Efforts to calculate the long-term disap-
pearance rate are shown in Table III as sums of exponential terms

Table III. Parameters for Th Retention after I.V. Administration

~A,t -A,t =-A t
1 2 3
A Rt - alc + azc + aae
Constraints Long-Term
e + 0 A on Least Squares Half Period
1= 129 2o Ao a2 d Mt Computer Fit (yrs.)
la 0.061 0.630 0.939 2.07 x 10'4 - - 4-parameter model 9.2 + 7.3
+0.005 +0.120  +0.005 #1.65 x 10-4 Gy = 1 = ay
1b  0.059 0.628 0.941 4.51 x 10-4 - - 4-paraneter model 4.2 + 1.7
+0.005 +0.127 40.005  +1.80 x 104 data for subject
TIVF2 not used
2a 0.026 3.0 0.047 0.213 0.927 5 x 10°5 6~parameter model 38 + 92
+0.009 +4.0 +0.008 +0.081 +0.005 412 x 1053 a; = (l-ay=a3)
A S 3.0
2b  0.0245 3.0 0.0465 0.232 0,929 0 S-parameter model ©
+0.0067 +3.1 +0.0064  +0.0SS +0.002 ay = (l-ay-a3z)
A; € 3.0
)\3 =0
-0.015 . R
B Rc = 0,96 t (t > 1 4.) Graphical Analysis R, = 0.83

at 40 yrs.

Al data calculated with P.N. Dean at Los Alamos Scientific Laboratory.
A2 data calculated by D. A. Gardiner, W. J. Blot, and S. R. Bernard at Oak Ridge National Laboratory.
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Figure 4. Retention of Intravenously Administered 234Th.

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 L8SXB
measurements; the remaining values are based solely on L8SXB
measurements. All subjects do not necessarily appear at a
particular time and occasionally two values (chair and L8SXB)
appear for the same subject. The calculations for Table IIX
take these factors into proper account. The variations in the
data are consistent with the standard deviations of each mea-
surement.

and as a power function. 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-period
is probably > 5 years.

Figure 5 shows the results on 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 purposes, the
shape of the 234mh plood curve is similar to the 424Ra blood
curve in human beings (1), but the absolute levels of 2347h in
blood are about 10 times higher.

The scan data, plotted as net cpm/uCi retained 10 days after
administration against the subject's weight (kg) to height (cm)
ratio, 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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Errors in the blood values are +30-40% at t = 10 d
and increase to > +100X at t = 24 d. The daily urine excre-
tion results are included in the figure for. comparison to the
blood results. Errors for the urine data are consistent with
the variations between subjects.

supine, perhaps due to 234Th 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, 24, 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
distribution such as 224Ra activity contained in a subject's
stomach (l). The grand average of the above results is
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1.04 + 0.05 and the arc method can be used to measure absolute
burdens of Th within +15%.

The results on whole body retention and excretion, following
oral administration of 234rh in mock radium paint, are shown in
Table IV. Essentially all the 2347h is accounted for in the feces
at 44 after administration. Very little activity is observed in

Table IV. Excretion and Whole Body Retention
of 2347h at 4 Days after Oral Administration

Cumulative Cumulative whole Body

Fecas urine Retention

(% of (% of (% of
Subject Oral Dose) Ooral Dose) Oral Dose)
TRPOM1 98.4 £0.003 0.18
TRPOM2 99.4 0.005 1.6
TRPOM3 98.3 0.001 <£0.10
TRPOF1 98.2 0.001 8.6
TRPOF2 99.8 0.002 0.17
TRPOF4 99.3 0.004 5.3
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the urine indicating that only a small amount of 234ph has
crossed the gut wall. The whole body retention is somewhat
variable because the intravenous chair calibration is used to
measure 234Th activity moving along the G.I. tract, where most
of the retained 234rh is located, and because of counting
statistics. Considering these conditions, the radioactive
balance is good.

234 .

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-
tration in order to get sufficient activity for counting statis-
tics and these results would be expected to underestimate the
transport, as the data tend to show. Taking all factors into
account the most probable value for the transport of 2347h is
0.0002.

Table V. Fractional Transport Across the Human
Gut of 234Th in Simvlated Dial Paint

Parameters
Body 1y Meas.
Subject L8sSXB Urine Blood
TRPOM1 < 0.0003 < 0.0006 <0.0001
TRPOM2 0.0006 0.0009 0.0003
TRPOM3 < 0.0003 0.0003 <0.0001
TRPOF1 0.0002 0.0002 0.0003
TRPOF2 < 0.0001 0.0003 0.0001
TRPOF4 0.0002 0.0008 0.0001
Averages < 0.0003 0.0005 0.0002

Most Probable Vvalue: 0.0002
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DISCUSSION

A convenient summary of the results useful for practical bio-
assay purposes is shown in Table VI. The gut transport of 10-2¢
is low. Since the transport of 224Ra in these subjects was
~20%, this would indicate that the ZnS of the mock paint was
dissolved in the HCl of the stomach and the "insoluble" RaSO,,
even in the presence of BaSO4, became ionized sufficiently to
allow 20% to be transported. Since Th(S04); is much more solu-
ble than RaSO,, it may be presumed that the value of 10~2% for
the transport of 234rh applies equally to soluble Th as well as
to the supposed "insoluble" Th(SO4)2 starting material. It
would appear than that the transport of Th would be low (10~ 2%)
under most conditions.

Table vI. 234rh Bicassay Parameters for Human Beings

Gut transport low (~v10'2%)

I.V. retention high (~ 100%)

Biological T1/2 probably >5 vy

wWhole blood/whole body = ~ 1/300 (2-20 4Q)
Urine/feces = ~10(d') to 20 (})

Whole
Body meas. SXB
Scan

When Th ion gets into the blood stream, the retention of
Th is high ( ~100%) as indicated by the data obtained from the
intravenous administration of 234Th. The retained Th has a
long half-period but the best numerical result from these data
is that the half-period has a probable value >5 y. The half-
period is long enough that, for practical purposes, only the
physical half-period of 228Th 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 of 3, after the first
day or two. Measurement of the activity in whole blood can
result in a convenient estimate of body burden when other mea-
surements may not be possible during an emergency. Excretion
of Th from the body is mainly by the urinary route, making
fecal analyses unnecessary.
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Body burdens can be measured 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. 1If
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 of 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 simple 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
of 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 years 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 'm 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,
as 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 widely 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 opportunity for the investigator to let selfish interests

*From the Medical Division, Oak Ridge Associated Universities, Inc.,
Oak 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 connection
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 careful search, find some examples
of unsavory conduct. There is always the danger that a worthwhile activity will be
discredited or destroyed because some publicity seeker dramatizes the exceptional,
evil cases and gives the impression tkat 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 informed
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,

¢) Subjects serving as controls,

5. Healthy person taking new preventive material (i.e., vaccine) that

may be potentially useful to him,
6. Tissue donor; research directed toward direct benefit to another
person, related or unrelated.

o

This list clearly shows that ethical aspects of research vary greatly from ex-
periment to 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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useful guidelines. For background, the ancient Hippocratic Oath, and the inter-
esting writings of Claude Bernard, in the middle of the last century, may prove
useful. Relatlvely recent, carefully elaborated statements include the Nursmberg
Code (1947), the Declaration of Helsinki (World Health Organézatlon) 1964,

the statement by the British Medical Research Council, 1964.° 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 our thinking
about the subject are the following:

Informed Consent - Great emphasis is placed on the effort 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 can 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,
the more important it is that adequate preliminary work (i.e., animal experiments)
be 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 a 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 supremacy 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

they 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 regulations. One might concede that some restriction on achieve-
ment is a fair price to pay for increased protection to experimental 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 volunteers 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 unduly 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 Office provides a routine invivo whole body counting program
for the protection of the nearly 6,000 employees at the National Reactor Test-
ing Station in southeastern Idaho. During the five-year period from 1961
through 1965, 7,134 invivo determinations were made. Foreign activity has been
detected 4,625 times on 2,278 individuals including follow~-up measurements made
on the same individuals when significant exposure has occurred. In all, a total
of k1l different radionuclides have been detected in humans, in addition to the
naturally-occurring potassium-40 and cesium-137. Virtually all of the expo-
sures have been received inadvertently during the routine performance of their
duties. The exposures have generally occurred from inhalation of particulate
matter of unknown particle-size distribution under uncertain circumstances.

Of the 4,625 times that foreign radionuclides have been observed in humans,
not more than a half dozen have involved activities greater than about 1 uc.
In perhaps 95% of the cases, the activity present was less than 0.1 uc., most
of which was eliminated within a very few days. Since the maximum permissible
body burden of most beta-gamma emitters is several microcuries or greater for
continuous exposure, such levels are of very little physiological significance
to the host., As a matter of fact, to save the time and expense of reducing the
complex gamma spectra either manually or by a computer program, body burdens
lower than about 0.1 uc. are merely recorded qualitatively as being present and
are not even quantified. Yet, in almost every case, because of the extreme
sensitivity of modern instrumentation, we have been able to determine the mode
of excretion from the body, the effective half-life of the specific nuclide
involved, and other valuable information from such minute and physiologically
insignificant quantities of radiocactive materials. This informetion is of
particular importance because it has been obtained on actual human beings under
practical conditions and consequently is much more informative and realistic
than other data of this kind which is usually obtained by extrapclation from
animal data. For example, one of the most important pieces of information
derived to date from our routine whole body counting program has been the general
philosophy that urinslysis is grossly inadequate as a routine monitoring tech-
nique for internal contamination in humans where inhalation of insoluble particu-
lates is concerned. Since our experience has also indicated that inhalation of
insoluble particulates is the most likely source of contamination to be encoun-
tered around operating reactors, routine urinalysis has been abandoned in our
laboratory as a monitoring technique except for determination of the organ dose
from systemically deposited nuclides or detection of certain specific scluble
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nuclides which are known to be absorbed by the body and excreted in the urine.
I wonder how much longer we would have continued using a technique for detec-
tion and assessment of internal contamination in humsns that does not give

the protection we had thought if instruments and techniques for direct measure-
ment of gamma-emitting nuclides on humans had not been developed.

In view of the significent accumulation of very valuable information con-
cerning the metabolic characteristics of a large number of radionuclides that
has been cbtained from the minute quantities of materials received inadvertently,
deliberate exposure of human volunteers to simlilar minute quantities of radio-
active materials under controlled conditions would permit a marked increase in
the rate of accumilation of such fundamentally ilmportant biological data.

Almost every dose calculation that I have ever made, or have heard others
describe, has contained an apology or & hedge that the validity of the answer
depended on whether or not certain assumptions used in the calculations were
correct. In many cases, those assumptions were guesses at best, or were derived
by extrapolation from animal data and their validity is certainly open to ques-
tion when applied to humans. Most of the actual human data presently available
was obtained from evaluation of human accidents involving intake of radio-
isotopes. In view of the extremely minute quantities of materials required and
the very high sensitivity of modern instrumentation for their detection, why do
we continue to penalize ourselves with half truths and calculations that at
times border on the ridiculous when far better data is available for the taking
from direct human studies without significant harm to the individual volunteer?
Others have also pointed out this need for research programs involving humans
to provide better data than is presently available for assessment of the dose
received from internally deposited radionuclides (1). I would like to suggest
& "Principle of Comparability" that it is both logical and prudent that we
should be willing to place at least as much at risk to understand the funda-
mental effects of internal radiation on humans as we do routinely in developing
a nuclear technology. In other words, exposures that are acceptable for day-to-
day operation of a reactor should also be acceptable for studies to determine
the effect of internal emitters in man.

The use of human subjects in scientific experimentation has generated much
controversy concerning the ethics involved, particularly in the medical profes-
sion., Throughout much of recorded history, men of medicine have set down princi-
ples of good conduct to guide them in their relations with their patients. Many
of these precepts apply directly to human studies involving radioactivity.

Though by no means the oldest of pagan medical oaths, the oath of Hippocrates is
the best known and the most enduring. Traditional and modernized versions con-
tinue to be used as a profession pledge of ethical behavior. When the American
Medical Association was founded in 1847, it adopted the oath of Hippocrates in
its pagan form. At the same time, it adopted a code of medical ethics published
in 1803 by the English physician, Thomas Percival, In 1947, the first General
Assembly of the World Medical Association appointed a committee to draft an
updated wording of the Hippocratic oath. After minor changes, this was adopted
in 1948 at Geneva by the second General Assembly as the "Declaration of Geneva."
After World War II, the Nuremberg Code of Ethics in Medical Research was framed
by a task group of the American Medical Association to guide the allied military
tribunal in the prosecution of 23 nazi physicians accused of brutal experiments
on political prisoners. This code is perhaps the one most frequently quoted where
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human experimentation is concerned, Most recently, another code of ethics on
which work was started following World War II was adopted by the Eighteenth
World Medical Assembly in Jure of 1964 in Helsinki, Finland, as the Declaraticn
of Helsinki. According to Dr. Harry S. Gear, Secretary General of the World
Medical Association, recommendations in the Declaration of Helsinki "are cffered
to all medical men and their colleagues in other disciplines, who undertake
scientific and clinical investigations involving human beings." The Hous=z of
Delegates of the American Medical Association has since endorsed the Declaration
of Helsinki as an ethical guide to clinical medical investigation. Representa-
tives of the American Medical Association are currently meeting with members of
the American Federation for Clinical Research and the American Society for
(linical Investigation ir. ar effort to prepare a modern code of ethics for
human experiwmentation.

The Helsinki Declaration outlines very strict rules far nontherapeutic
clinical research and seems to be particuwlarly pertinent. to *he type of studies
being proposed. The nature, purpose. and risks must bte explained to the subject,
the subject must be fully informed and must give his free consent, and the
patient must be in such mental, physical and legal state as to be able to
exercise fully his power of choice. Consent should be obtained in writing and
be witnessed. The investigator must respect the right of each individual to
safeguard his own personal integrity ani, at any time during the course of
clinical research, the subject or his guardian should be free tc withdraw per-
mission for research to be continued. The investigator or the investigating
teams should discontinue the research if in his judgmenti, it may, if continued,
be harmful to the individual. The concept of valid informed comsent is a par-
ticularly fundamental and important cne, yet often requires a level of know-
ledgé and freedom from consatraint that is impossible t2 achieve with pecple
that are ill, children, or those mentally incapable of comprehending the mean-
ing and consequences of the scientific and technical principles involved.
Inability to convey the necessary information and understanding does not in
any way lessen the requirement for valid informed consent.

Several items from the Nuremberg Code would seem tc be particularly per-
tinent to our proposed studies. The first item says "The voluntary consent of
the human subject is absolutely essential." Item 6 points out & nearly self=
evident point of logic that "The degree of risk to be taken should never exceed
that determined by the humanitarien importance of the problem to be solved by
the experiment." Item 10 says in part "During the course of the experiment,
the scientist in charge must te prepared to terminate the experiment at any
stage, eee."

The official position of the United Kingdow has heen grestly clarified
recently by a statement of their Medical Researck Council in their annual
report for 1962 and 1963. Tne statement deals primarily with medical investi-
gations in general but is directly applicable to work with radiation and radio-
active materials. The council emphasizes the importance of proper safeguards
both in prozedures contributing to the benefit of the individual and, more
specially, in procedures ir which the individual conzerred does not benefit
directly from the investigation. Again, particular importance is attached to
obtaining the individual's true consent, by which is meant "consent fresly
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given with proper understanding of the nature and consequences cf what is
proposed." Provided that these safeguards are emsured, the council clearly
endorsed the concept cf inves+tigations involving volunteers, and conclules

that "After adequate explanation, the consent of an adult of sound mind and
understanding can be relied upon to be true consent." They further emphasize
the responsibility on the professions, on the heads of investigating depart-
ments, and on individual investigators, to ensure that the conduct of all these
investigations is irreproachable. The more obvious requirements that the
experiment should be conducted only by technically qualified perscns exercising
the highest degree of skill and care throughout all stages of the experiment,
and that no experiment should be conducted where there is any reason to believe
that serious injury or death would cccur are implicit in all of the codes of
ethical conduct.

One cf the greatest retarding influences on the accumulation of human data
has been the feeling, particularly prevalent ir. some cf the earlier codes, that
experimentation must not be carried cut on human subtjects unless the subject
himself expects to benefit. For example, the doctor can combine clinical
research with professional care, the objective being the acquieition of new
medical knowledge, only to the extent that clinical research is justified by
its therapeutic value for the patient. Not only is this contrary to the spirit
of sacrifice for the good of ones' fellow man so prevalent in many parts of the
world but is totally unrealistic and undesirable when governed by sound ethical
and moral principles. The proposed guide lines acknowledge and accept the spirit
of both the Nuremberg Code and the Declaration of Helsinki but we submit that it
is entirely appropriate for human subjects to accept small risks to themselves
to help develop information that will be of value to others. Specifically,
when the subject himself does not stand to benefit by the experiment being per-
formed, the internal dose permitted shall not exceed the occupational exposure
permitted workers in the atomic energy industry, as specified in Title 10 Part
20 of the Code of Federal Regulations for licensees and in AEC Manual Chapter
0524 for AEC and Contractor personnel.

The pertinent values are 3 rem per quarter or 5 rem per year for the whole
body or 10 rem per quarter and 30 rem per year for the thyroid. For the sake
of simplicity and to eliminate the need for factual information concerning which
organ is critical, which may itself be the principle reason for the experiment,
the higher levels permitted for single organs other than the thyroid are not
permitted at present and the dose received is considered to be to the whole
body. Although 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 for the first
week, a value only slightly larger than the average value of 0.23 rem permitted
for each of 13 consecutive weeks. An extensive table of activities required
to produce a dose of 0.3 rem per week to the critical organ 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 significant point in this connection is that these values and the
equations from which they were calculated have been prepared by a well known
authority in the field of internal dosimetry, have been published in the open
literature and are easily available to others. Another similar and more recent
paper entitled "Radiation Doses from Administered Radio Nuclides" is also very
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useful (3). However, published information tends to become outdated and all
final calculations cf dose must reflect the most recent methods and information
recommended by the Federal Radiation Council and the International Commission
on Radiological Prctection.

One of the significant differences between doses administered from external
or internal sources is the inability to terminate the latter on demand by removal
of the source. Both common prudence and most of the medical codes suggest that
the long-term dose commitment should be restricted to permit either the experi-
menter or the volunteer to reconsider his decision to continue the test. Con-
sequently, limitations are imposed on the effective half lives that can be
employed at & given level of activity so that more than one opportunity is
presented to stop the experiment before even a l-year's maximum permissible
dose will have been committed irrevocably.

A summary cof the maximum permissible intake for a single exposure as &
function of half life and dose received is givern in Table I. Obviously, when
the half life is less than that shown in the table, the dose received wilil also
be less than that shown. Specific guide lines are as follows:

1. The quantity of radioactive nuclides to be taken in a single day shall not
exceed that required to deliver a dose to the criticel organ of 0.3 rem for
the first week after exposure as given in columns 5 and 8 of the published
table (2), for ingestion and inhalation, respectively. These values have
been chosen to permit integration of the dose received over a time period
of one week. Where necessary, the values must be updated to reflect the
latest information available.

Teble I. Radiation Guides for Human Studies
Involving a Single Exposure

Effective Fraction Tests Maximum Dose Received, rem.

Half-life of Col; per  TFirst Week  rirst year Total,
5or8 Year 1 Test Max. 1 Test Max.
18 days 1 L 0.3 1.29 5.16 1.29 5.16
13 weeks 1/4.3 L 0.069 1.25 5.00 1.33 5.32
1 year 1/10 1 0.03 1.15 1.15 2.3 2.3

%mable in Ref. 2

2. The maximum level cf C.3 rem in the first week may be used only with
radionuclides having an effective half life in the critical organ shorter
than 18 days sc that the dose will not exceed the second limivation of
1.25 rem in the first quarter. The dose of 5 rem per year permitted by
AEC Manusl Chapter (52% is permitted but only for four separate tests so
that the dose can be terminated within a reasonabie length cf time (one
quarter) if either the subject or experimenter should so decide. This
limitation also ensures that the total integrated dose wili not exceed
approximately 5 rem for a maximum of four tests per year.
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3.

5.

Nuclides with effective half lives longer than 18 days can be used
provided the quantities are reduced to limit the long~term commitment.
Nuclides with effective half lives in excess of one year are not employed
in any case, With nuclides having half lives from 18 days up to 13 weeks,
the values given in the published table (2) are reduced by the factor 4.3
s0 that the dose per year will not exceed 1.25 rem. Again, four tests
per year are permitted to restrict the yearly dose to 5 rem and the total
integrated infinity dose to only slightly more. For nuclides with half
lives of 13 weeks up to ore year, only one-tenth the quantity mentioned
in the table is permitted per test ard only one test is permitted per
year to keep the dose for the first year down to about 1 rem and the total
infinity dose down to about 2 rem. Use of nuclides with half lives in
excess of one year is not likely to be necessary and is undesirable
because of inability to terminate the exposure within a reascnable length
of time.

Nuclides for which the thyroid is the critical organ can be used in
quantities three times that specified in the table as permitted by AEC
Manual Chapter 0524, Corresponding increases permitted by Manual Chapter
for "other organs" can be utilized if the critical organ is known with
some assurance. Otherwise, the dose should be limited %o that permitted
for the whole tody.

If the source is encapsulated in polyethylene tubing or other lmpervious
material that will not be released in the body and will be eliminated in
about 24 hours, the maximum activity used and the number cf experiments
rerformed can be adjusted such that the dose received does not exceed 0.3
rem per wveek or 5 rem per year to that part of the gastrointestinal (G.I.)
tract deemed to be the critical organ. As pointed ocut in the footunote to
the table in reference 2, the values gliven in columns 4 and 7 for a dose
rate of 0.043 rem per day may be considered as maximum permissible values
for continuous exposure when the G.I. tract is the critizal tissue.
Consequently, either a single experimsnt at 7 times this value or 7
experiments at this value could be performed each week. If the scurce
strength is sufficiently high or the nuclides sufficlently long lived to
constitute any significant hazard to others if the capsule should be
opened, the source will be recovered and properly disposed of after
termination of the study.

Chemical toxicity is to be considered specifically in each case, and will
become a limiting factor when the threshold limit is reached. For example.
a solution of methyl icdide containing radioactive iodine tracer could be
more toxic chemically than radiochemically if the specific activity were
sufficiently low. Both the chemical and radiochemical purity of the
activity being administered must be established beyond question.

Since many volunteers will inevitably be obtained from our own sub-

ordinates, we must be particularly careful to avoid any suggesticn of coercion
or mandatory participation as a condition of employment. Consent forms may
not even be distributed for signature until the potential voluateer has been
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contacted, the experiment to be undertaken thorcughly explained and his consent
freely given. Similarly, to avoid any adverse public reaction, the general
philosophy of human studies being carried out in a given laboratory must have
been discussed openly with and concurred in by the local medical authorities
without the slightest suggestion of attempted subterfuge. Each specific
experiment must be approved by at least two reputable scientists with administra-
tive responsibilities and authority in the organization, one of whom must be a
medical officer, and must be carried out openly by the experimenters acting as a
group rather than any single individual going it alone. 1In our laboratory, the
Chief of the Medical Branch approves the medical qualifications of the volunteer
and assures that all necessary medical aspects of the proposal have been reviewed
adequately. The Chief of the Analytical Chemistry Branch approves the project
from the standpoint of chemical and radiological toxicities. After the study has
been completed the radiation exposure data is entered on the consent form and
filed in the individuals medical record.

The above guide lines reflect the maximum quantity of radiocactive materials
that can be used only with good and sufficient justification and are thought to
be relatively conservative. Even so, as a general philosophy, the actual gquan-
tity to be used in any given experiment shall not exceed the smallest quantity
necessary to achieve the intended results.
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(1) Morgan, K. 2., J. Nucl. Med. 6, 79 (1965).
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TISSUE SAMPLING
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THROUGH AN AUTOPSY PROGRAM'®)

C. E. NEWTON, JR.
K. R, HEID
H, V. LARSON
and
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Battelle Memorial Institute
Pacific Northwest Laboratory
Richland, Washington

September 30, 1966

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;
¢) 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 interpretations.
Nevertheless, environmental 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,

(a) This paper is based on work performed under United States Atomic Energy
Commission Contract AT(45-1)~1830,
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Measurement of radiocactivity in excreta is another method of indirect
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 can
become a component part, provide the best available method for assessing organ
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 as
in the case of trying to determine separately the contributions from the
lungs and the pulmonary lymph nodes, Information obtained from autopsy samples
can help considerably in future assessments made of the retention characteristics
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 began 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 estimate the body burden of plutonium was the evaluation of bioassay
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 foms or to other methods of zdministration would be of
questionable va_idity.

Through the cooperation of the local pathologist and personnel of the
medical department, £ modest autopsy program was started in 1949 to obtain
various tissue samples from both former employees and residents, By analyzing
the samples and segregating the results between those who formerly worked with
plutonium and those who did not, we had a mechanism for determining the extent
of deposition attributable to occupational exposures and relating this to the
theoretical models that had been used earlier to estimate the depositions.

Considering the length of time that the program has been established,
the total number of 286 cases seems somewhat small, This is still a rather
large number, however, considering the sensitive nature of the program and
the informal arrangements necessarily used to keep the program supported, Of
the total, 242 represent non-occupationally exposed personnel and L4 represent
personnel potentially occupationally exposed to plutonium at Hanford.

The types of samples collected have varied according to particular
interests prevalent at the time the sarp.es were taken, but in all cases
lung, liver and bone samples were obtained although occasionally some of these
results were lost. The routine 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
exposure to low activity aerosols. Also collected, but on an intermittent
basis, and analyzed for Pu were blood, pancreas, prostate and seminal
vesicle samples, The specific location for tissue sampling was not specified
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to the pathologist, and as a result, tissues were taken from the most convenient
or randomly selected areas of the designated organ.

The sample weights varied considerably; for instance, the lung samples
varied from 10-300 grams, the liver samples from 15-300 grams, and bone
samples, which were taken from the rib, varied from 4-25 grams., The weights
of the lymph nodes, although referred to in some of the data, have little meaning
inasmuch as the nodes were not stripped 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
residual Pu was by counting tracks in NTA film exposed to the deposition of
Pu on stainless steel discs. In recent years, sensitivity of about 0.05 dpm
was obtained using this procedure. However, only average or expected yields
from the chemical procedures could be used because the film detection technique
is unsatisfactory for the discrimination of various isotopes of plutonium,

The pathologist when submitting tissue samples avoided, where possible,
samples evidencing gross abnormelities 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. For instance,
resulting data on lung depositions may not be considered normal in the case of
pulmonary emphysema or carcinoma.

The radiochemical analyses of tissues from former Hanford plutonium
workers, presented in Table I, show that for a number of the former long-term
Hanford workers, small but measurable internal depositions of plutonium were
found. For these individuals some 523 urine samples were analyzed for
plutonium during the course of their work with this material. A positive
bioassay result, i.e, samples with activity greater than 0.05 dpm, was ob-
tained for only one employee where three positive urine samples appeared
following the accidental inhalation of plutonium oxide dust. The results were
evaluated as having indicated no significant deposition; less than 1% of the
maximum permissible body burden of 0.04 uCi with bone as a 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, however, 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
data with which some of the current ideas of retention versus excretion could
be tested.

A review of the data shows that the largest deposition of 130 x 107 3d/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 of 0.TnCi is indicated. Depending on the time of
sampling after intake, such a deposition, if occurring all at once and if
excreted according to the Langham model, would be detectable according to.
present practice for about 9 months after intake, The worker in question was
sampled mostly on a quarterly basis but at no time did urinalysis yield positive
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results. Recent experiments with inhalation of plutonium oxides by dogs
conducted by Drs. Bair and Park? at Battelle Northwest indicates that the
excretion rate as a percentage of body burden may be considerably smaller than
that given by the Langham model and 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 than did the lung., The fact that the lymph nodes do not
seem to contain high concentrations 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 were 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 tabulations of the ICRP3 suggest that when 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 al 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 intake. Langham® reports about the same in the
skeleton as in the liver for a radiation worker exposed occupationally to
both oxide and nitrate for 12 years prior to a radiation accident at Los Alamos.
The autopsy results show that qualitatively, in 10 cases out of 23, the amount
of 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 a1l reported the results of meesurements of plutonium con-
centration in tissues obtained at autopsy from nine chronically exposed

wvorkers at Los Alamos, Their measurements show qualitatively that the relative
tissue concentrations are, in decreasing order, respiratory lymph nodes

>lungs >liver >bone. In only one instance, that of case 31, does the present
data clearly follow the suggested patterm.

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 IIT,

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 a 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 program has evolved, both correctable and uncorrectable deficiencies

have appeared and should be noted. The percent of yield of the chemical
procedures needs to be known more precisely for each individual sample. Recent
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TABLE II

" JTONIUM DISTRIBUTION DATA OBTAINED AT AUTOPSY FOR
HUMANS AND BEAGLE DOGS EXPRESSED AS PERCENTAGE OF THE BODY
BURDEN AT DEATH OR AS PERCENTAGE OF THE INTAKE FOR THE DOGSS

a b
Langhan's Radiation Beagle Dogs
Patient Worker Pu Citrate Injection PuO Inhalation
Reference Langham et all Langham® Stover et al® Park et 1”7
Skeleton 66 36 58 0.4
Liver 23 k9 11 1.7
Lungs 10 25.0
Respiratory
Lymph Nodes 3 1k.0
Spleen ol 0.3
(a) Autopsy data obtained five months after injection
of Plutonium Citrate.
(b) Occupationally exposed to plutonium for 12 years
prior to a radistion accident at Los Alamos.
(e) Distribution data at death, 900 days sfter intake
expressed as a percentage of initial intake,
TABLE III
DISTRIBUTION OF DEPOSITIONS BY WORK EXFPERIENCE
Number
Category of Cases Percentage of Cases
Lung Liver
Units of x 1072 a/m Units of x 1073 a/m
52N 5 2 L2 =5 22
Work in
Pu Pacility 17 68 18 1k L8 18 " 34
Non-Radiation
VWorkers 7 83 17 o] 82 17 1
Environmental
Residents 165 8s 15 ] 90 10 ]

The distinct break between the number of cases at a certain burden level
for the plutonium worker and the noan-plutomium worker and the environmental
resident suggest that the latter two belong to the same class as having received
plutonium predominantly as worldwide fallout from weapons testing.

The frequency of occurrence of measurable organ depositions as & function
of time working with plutonium is presented in Table IV,

227
041488



TABLE IV

DISTRIBUTION OF DEPOSITIONS AS A FUNCTION OF LENGTH OF EXPOSURE

Percent of Cases

Years of Humber Lung . Liver
Exposure of Cases Units of x 1072 4/m/g  Units of x 1072 d/m/g
1 >1 21 >1
<5 30 97 3 83 17
>5 1L 12 28 65 35

animal data indicate variabilities as high as a factor of 3 between identical
samples processed using NTA film analysis technique, It is now possible to

tag the samples with Plutonium 236 gnd use alpha spectrometry instead of NTA
film, thus the percent of yield for each sample will be known. The large
variations in the total 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.
The liver samples are now taken 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 a&s the rib, sternum, vertebrae, femur, etc, Other factors
additionally enter into the selection of this sample such as convenience for
the coroner or the pathologist to obtain the desired samples either due to
location or because of interference with further processing of the cadaver by
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 clearly abnormal situations exist which make

them readily observable or they appear to the pathologist to be of particular
interest.

Autopsy programs, like other measurement 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 of 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 program can become a useful adjunct to the
three different measurement techniques used to assess organ doses due to
internally deposited radionuclides., The importance of this program increases
as 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
received prolonged low-level exposures. Difficulties and the sensitive nature
that such programs can portray vary according to State law, company policies
and perhaps the extent of personal association between the pathologist and
the investigator. In spite of the problems associated with a program of this
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type, it is a highly recommended source of information which can be developed
into larger programs through the increased participation of hospital, other
medical personnel, and other sites without adverse publicity. It certainly
gives irrefutable information as to the concentrations and locations of the
depositions of contaminates in man as a result of environmental pollution,

(1) Langham, W. H. et al, Los Alamos Scientific Laboratory Report LA-1151 (1950)

(2) Bair, W. J. and Park, J. K., "Comparative Disposition of Four Types of
Plutonium Dioxides Inhaled by Dogs", 1966

(3) Recommendation of the International Commission on Radiological
Protection, ICRP Publication 2

(4) Bair, W. J., in: Inhaled Particles and Vapours, Pergamon Press, London
(1961) 192-207

Bair, W, J. and McClanahan, B. J., Arch. Environ. Health 2,(1961) 648-55
Bair, W. J. and Willard, D. H., Health Phys. 8 (1962) 639-49
Bair, W. J. and Willard, D. H., Health Phys. 9 (1963) 253-66

(5) Langham, W. H., Lawrence, J. N. P., McClelland, J. and Hampelmann, L. H,,
Health Phys. 8 (1962) 753-759

(6) stover, B, J., Atherton, D. R., Bruenger, F. W., and Buster, D, S.,
Health Phys. 8 (1962) 589-597

(7) Park, J, F. and Clarke, W, J., HW 76000 (1963) 118-125

229

041490



	W R Wood Jr and W Sheehan
	M.F.Milligan
	M W Boback and R C Heatherton
	S M Sanders Jr and F D Knight
	H L Fisher Jr and W S Snyder

	C J Maletskos A T Keane N C Telles and R D Evans
	G.A.Andrews
	Claude W Sill

	C E Newton Jr K R Heid H V Larson and 1 C Nelson

