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Introduction

In the 1990's the US Department of Energy conducted two internal dose intercomparisons*2. In
these intercomparisons participants were sent urine bioassay data and were asked to estimate
intakes and committed effective dose equivalent (CEDE). While the intercomparisons gave an
indication of the precision of the dose estimate, the accuracy® of the results could not be
determined because there was no right answer, i.e., the “true” intake and CEDE were not known.
Not only were these quantities not known, they are basically unknowable: for all intents and
purposes, intake is a theoretical construct that can not be measured.

The Department of Energy is considering a third intercomparison in coordination with the United
States Transuranium and Uranium Registry (USTUR). This intercomparison will be different
than the previous two because they are going to send bioassay data from whole-body donors who
have had complete autopsies. The “right” answer this time around will be the measured organ
burdens. In other words, using the bioassay data, how well can | predict the organ burdens at the
time of death? The advantage of this approach is that we now have a measurable, objective
endpoint with which to compare different evaluations. James® et al. recently published just such
an evaluation where they used the urine bioassay data from USTUR Case 0259 to calculate
organ burdens. These burdens were subsequently compared to the observed organ burdens to
assess the accuracy of their evaluation.

The individual described in USTUR Case 0259 had an inhalation intake of an insoluble **®*pu
ceramic aerosol. He died 6532 days later of cardiovascular disease. The observed and predicted
urinary excretion from Case 0259 are shown in Figure 1. The data were evaluated using
standard ICRP 66/67 biokinetic models with the exception that the solubility parameters were
modified to account for the increasing solubility of the inhaled material over time. The complete
specification of the model used here is given in Appendix A, which is the Mathcad worksheet
used to perform the calculations.

Analytical uncertainties were not reported for the urinary excretion, so 2c analytical
uncertainties of +50% are assumed®. An intake of 1.47x10° pCi was calculated from the urine
data using the indicated models. The measured %**Pu liver burden was reported as 137+4 Bq at
1o (or 3703+108 pCi to the nearest pCi). The liver burden predicted from the intake is 2953 pCi
(to the nearest pCi).

At first glance, the predicted liver burden does not appear to agree with the observed liver
burden. However, to make any definitive statements we need to estimate the uncertainty in the
predicted liver burden. For example, if we could say that the predicted liver burden was
2953+100 pCi at 1o, then we might claim that the predicted and observed burdens do not agree,
i.e., there is a bias in the predicted burden. On the other hand, if the predicted burden was
2953+1000 pCi at 1o, then we might say that the low precision of the predicted burden does not
make it possible to detect any bias. In summary, to have an accurate estimate of an organ

% In this discussion we will assume that the accuracy of a dose estimate is a function of its precision (how well can
the result be reproduced) and its bias (how close is the result to the “true” dose).

® These uncertainties, which are considered to be a reasonable estimate of the total propagated uncertainty, are
presented to help the reader judge how close the observed points are to the predicted line.
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burden we need negligible bias between the predicted and observed burdens. To assess bias, we
need a level of precision that is commensurate with the level of bias we seek to detect.

Figure 1. Observed urinary excretion of >®*Pu with +50% uncertainties (solid dot with error
bars) and the predicted urinary excretion (open dots).
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How would one go about calculating the uncertainty in a predicted organ burden? Bolch and
other researchers at the University of Florida®*® have been using Monte Carlo methods to
estimate the uncertainty in respiratory tract doses given the inhalation intake. In their approach
they establish statistical distributions for each parameter in the ICRP 66 Human Respiratory
Tract Model (HRTM). In a particular trial, a value of each parameter is drawn from its
distribution and the respiratory tract doses from a unit intake are calculated with these
parameters. This process is repeated for hundreds or thousands of trials until dose distributions
are produced for each tissue of the respiratory tract.

Going from an intake to a dose is referred to as a solution in the “forward” direction. The
solution in the “backward” direction is the calculation of intakes and ultimately organ burdens
from bioassay data. Bolch’s approach can be applied to the backward problem to generate a
distribution of predicted organ burdens from a specific set of urinary excretion data:

observed urine data = select parameters of biokinetic model = calculate burdens

The results of this process being applied to Case 0259 with 1000 different biokinetic models are
shown in Figure 2, where the predicted urinary excretion forms bands. The calculation is
documented in Appendix B.
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Figure 2. Observed urinary excretion of >®*Pu with +50% uncertainties (solid dot with error
bars) and the predicted urinary excretion (solid bars) for 1000 different biokinetic models.
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To calculate the 1000 different biokinetic models only the deposition fractions and translocation
rate constants in the HRTM were varied (according the Bolch’s method). The parameters of the
ICRP 67 systemic model were held constant’. The excretion fractions from each model were fit
to the observed data using a weighted least-squares fit where the variance in the observed
excretion is assumed to be proportional to the predicted excretion.

The 1000 predicted liver burdens and the observed liver burden are shown in Figure 3. The
mean predicted liver burden is 2842+125 pCi (4.4% relative standard deviation) with a
maximum of 3303 pCi and a minimum of 2309 pCi. The uncertainty in the predicted liver
burden shown here is not the total uncertainty in the predicted liver burden but rather is the
component of the total uncertainty that is caused by variability in the HRTM. The rather small
uncertainty in the predicted liver burden makes the bias of -23% clearly visible. James attempted
to reduce this bias by adjusting several parameters of the systemic model. The results of his
efforts are shown in Figure 4. The calculations using the “tweaked” model are documented in
Appendix C. Tweaking the systemic model reduced the bias to 8.4% while leaving the relative
standard deviation largely unaffected at 3.9%.

If the uncertainty in the systemic biokinetic model had been incorporated into this calculation
and the uncertainty in the predicted liver burden became excessively large (£100% for example),
efforts to reduce any perceived bias by tweaking the model would be unwarranted.

# Because Bolch did not address the variability of systemic parameters in his work.
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Figure 3. Liver burdens calculated with 1000 different biokinetic models. The solid line is the
observed liver burden. Note that the standard parameters for the systemic model were used.
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Figure 4. Liver burdens calculated with 1000 different biokinetic models. The solid line is the
observed liver burden. Note that the parameters for the systemic model were modified in an

effort to reduce the bias.
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How should all of this be interpreted? Well, | selected a biokinetic model to evaluate the urinary
excretion of Case 0259 with the express purpose of calculating the liver burden at the time of
death. 1 really don’t know if | have selected the “right” model for Case 0259, so | am interested
in knowing how far off I could be if I picked the “wrong” model. In other words, | am interested
in knowing how sensitive the predicted liver burden is to normal variations in the HRTM. In the
case examined here, the predicted liver burden appears to be relatively insensitive to normal
variations in the HRTM. If the liver burden calculated from urinary excretion had been
extremely sensitive to normal variations in the HRTM, then urine bioassay would have to be
considered unsuitable for calculating liver burdens®.

Personal Air Samplers

The biokinetic models for plutonium dictate that the fraction of an intake excreted in the urine on
any given day is quite small. For example, in the case of USTUR 0259, roughly 107 of the
intake is excreted in the urine per day. In comparison, a personal air sampler (PAS) filter might
be expected to capture around 0.25 of the intake. Thus, a PAS measurement is orders of
magnitude more sensitive than a urine measurement. This means that (for plutonium) a PAS will
have a much lower minimum detectable dose (MDD) than a urine bioassay, a concept discussed
in detail by Skrable’ et al. Thus, the strength of the PAS is that it is independent of the
plutonium biokinetic model, which makes it very sensitive. However, once we have measurable
urinary excretion (and other types of bioassay data) and detection of the intake is no longer an
issue, this strength of PAS can become a weakness. The reasons for this will be discussed next.

By defining the “correct” answer to be the measured organ burden, the proposed bioassay
intercomparison may provide a more meaningful measure of the accuracy of our internal dose
evaluation methods. This approach also suggests an interesting way of looking at PAS.
Discussions about the use of PAS versus bioassay frequently generate animated debates over
which is more accurate and which is more sensitive. These debates are seldom resolved, with
both camps left unmoved by the other’s arguments. The problem here seems to be that there is
no right answer. The classic example of this is to ask whether PAS or bioassay gives a more
accurate estimate of intake. An inhalation intake is the quantity of material that passes through
the nostrils into the body. For all intents and purposes intake is a theoretical construct that can
not be measured. This means that intake should not be used to compare PAS and bioassay
because there is no empirical result with which to compare our predictions.

A PAS measures the concentration of material (like >®Pu) in the air it samples. An intake is
typically calculated from a PAS measurement using something like the following:
e The activity of plutonium on the PAS filter is quantified.
e This activity is multiplied by the ratio R of the breathing rate of the person to the flow
rate of the PAS, e.g., R = (20 liters/minute) / (4 liters/min) = 5, to give the intake.

& Assuming of course that there was some other method that was better.
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For example, assume® that the PAS filter for Case 0259 had on it 3.462x10° pCi of *®Pu. The
intake would then be calculated to be 5 times this, or 1.731x10° pCi. This calculation does not
address the possibility that the concentration of plutonium in the air sampled by the PAS may not
be the same as the concentration in the air breathed by the person, i.e., the PAS may not be a
“representative” sampler, or that the breathing rate of the person may deviate from 20
liters/minute. Ignoring these issues for a moment, feeding this intake through the same 1000
biokinetic models used to evaluate the urinary excretion yields the plot in Figure 5.

As shown in Appendix D, the mean predicted liver burden is 3703+2010 pCi (54% relative
standard deviation) with a maximum of 12840 pCi and a minimum of 627 pCi. As before, the
uncertainty in the predicted liver burden shown here is not the total uncertainty in the predicted
liver burden but rather is the component of the total uncertainty that is caused by variability in
the HRTM. The rather attractive bias of 0.0% is completely negated by the extremely large
uncertainty in the predicted liver burden. In other words, the mean predicted liver burden is very
inaccurate even though it has no bias because it has poor precision. This situation cannot be
improved simply by “tweaking” parameters of the biokinetic model as was done before.

Figure 5. The liver burdens predicted from the 1000 different biokinetic models and the constant
intake of 1.731x10° pCi. The solid line is the observed liver burden.
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The problem here is that the liver burden predicted from a given intake (like that indicated from
a PAS measurement) is relatively sensitive to normal variations in the HRTM. Paradoxically,
the liver burden calculated from a PAS measurement is very sensitive to changes in the HRTM

& James et al. did not report any PAS measurements for this individual. For this discussion, we can choose just about
any reasonable value for the PAS measurement because we are focusing on the precision of the predicted organ
burden, which is primarily a function of the biokinetic model and not the actual value of the PAS measurement.
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because the PAS measurement itself has no connection whatsoever with the HRTM. A simple
example can be used to illustrate this.

First, assume that we fit the observed urine data with urinary excretion fractions calculated with
the standard HRTM, calculate the intake, and finally calculate the liver burden. Now, assume
that a modified HRTM sends half of the normal amount of plutonium to the urine, i.e., the
urinary excretion fractions are reduced by a factor of two. When we fit the observed urinary
excretion with the modified excretion fractions, the intake will be twice as large as the intake
calculated with the standard model. However, the predicted urinary excretion and liver burden
will be the essentially the same as those calculated with the standard model. In other words,
because the observed urinary excretion and observed liver burden are directly related through the
model, a liver burden calculated from the urinary excretion is relatively insensitive to changes in
the parameters of the HRTM. On the other hand, because a PAS is completely independent of
the HRTM, any changes in its parameters are propagated to changes in the predicted urinary
excretion and liver burden.

Non-representative PAS

The calculations presented above do not address the possibility that the concentration of
plutonium in the air sampled by the PAS may not be the same as the concentration in the air
breathed by the person, i.e., the PAS may not be a “representative” sampler®. The ratio of the
“true intake™ to the intake calculated from a PAS measurement is referred to here as the PAS
ratio. The distribution of the PAS ratio can be estimated from published studies of air
concentrations measured simultaneously by PAS on the left and right lapels. The PAS ratios
estimated from three such studies®**° are presented in Appendix E. Based on the data presented
in these studies, the PAS ratio used here is assumed to be lognormally distributed with a
geometric mean g of 1.0 and a geometric standard deviation oy of 2.0.

Given a unit intake estimated from PAS, a distribution of true intakes something like that shown
in Figure 6 will result. The distribution depicted in Figure 6 has 99% of the PAS ratios in the
range of 0.17 to 6.0. This means that 99% of the time the true intake could range from
approximately 6 to 1/6 times the intake estimated from the PAS as a result of variability in the air
concentration of the aerosol. Note that the variability in R, which is a function of the variability
in the breathing rate of the individual and the sampling rate of the PAS, may not be fully
accounted for in this calculation. Incorporating this additional variability into the calculation, as
shown in Appendix F, more than doubles the relative standard deviation of the predicted liver
burden to over 100%.

® The uncertainty in a PAS measurement is typically synonymous with the analytical uncertainty associated with
counting the PAS filter. This uncertainty alone does not provide a meaningful picture of the uncertainty in the organ
burden estimated from a PAS measurement.

® The quantity of material that actually goes into the person’s nose is referred to as the “true intake” to differentiate it
from the intake inferred from the PAS measurement.
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Figure 6. A histogram of true intakes calculated from a PAS measurements after applying the
PAS ratio.
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Conclusions

Three major concepts discussed in this paper are:
1) The level of agreement between predicted and observed organs burdens is taken to be the
measure of the accuracy of an internal dose assessment method. Using the organ burden
“gold standard” allows one to objectively compare different assessment methodologies like
PAS and bioassay.
2) The methods developed by Bolch et al. permit one to examine the natural variability in the
respiratory track deposition fractions and translocation rates and the effects this variability
has on urinary excretion and organ burdens.
3) The ratio of simultaneous PAS measurements made on the left and right lapel (the “PAS
ratio”) can be used to estimate the degree to which a single PAS measurement may not be
representative of what a person inhales.

Using these techniques, we estimated the uncertainty in a 2**Pu liver burden predicted from a
single PAS measurement and from 48 urinary excretion measurements. The uncertainties for the
burdens estimated from urine data reflect only the variability in the parameters of the respiratory
tract. There are other sources of variability, such as the variability in the systemic biokinetics
and urinary excretion, that have not been accounted for here. The uncertainties in the burdens
estimated from the PAS measurement reflect the variability caused by non-representative
sampling in addition to the variability in the respiratory tract parameters. There are other sources
of variability, such as variability in the person’s breathing rate, that have not been accounted for
here. Approximately ¥ of the uncertainties for burdens calculated from the PAS measurement
are from the variability in the respiratory tract parameters and %2 are from non-representative
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sampling. It is worth noting that the uncertainties here are in all likelihood much smaller than
the uncertainties that would be calculated if all sources of variability were included in the
evaluation.

In summary, this study shows that an organ burden estimated from a PAS measurement is much
more sensitive to variability in the respiratory tract biokinetic model than is an organ burden
estimated from repetitive urine bioassay measurements. This conclusion may not be applicable
to isolated measurements of urinary excretion rate combined with an unknown intake scenario
(i.e., the dreaded “routine positive urine bioassay”).

In this study we have seen uncertainties in organ burdens predicted from PAS measurements to
be on the order of £ 200% at 2c. The results of this study suggest that organ burdens predicted
from PAS measurements (especially for acute exposures) can have large uncertainties — so large
in fact that these measurements might be considered to be qualitative rather than quantitative for
the purpose of calculating organ burdens and dose. However, this potential issue can be ignored
for situations where the intakes are large enough to be of interest yet are too small to be detected
and quantified with urine bioassay.

Even though this study only examines one case, we feel that it supports the following
recommendations concerning the use of PAS and bioassay for materials like plutonium:

e PAS should be used to monitor for low-level (especially chronic) exposures where
bioassay is unreliable.

e PAS measurements should be used to trigger special bioassay programs.

e If and when reliable bioassay data are available, the PAS measurements should assume a
supporting role like area air monitoring data and nasal smears, and the bioassay data
should be used as primary input for calculating dose.

e Agreement between PAS and bioassay is welcome when it occurs, but it should not be
expected nor demanded.

The last two conclusions echo NUREG/CR-40331*:

“Breathing-zone air sampling and bioassay have been identified as suitable for assessing “actual
exposure” of individuals. Although they play similar roles, this does not mean that there is a
general equivalence or fixed relationship between these methods. It is usually not possible to
accurately estimate uptake or internal dose, even from an accurate exposure estimate. It is also
not possible to accurately estimate previous exposure from bioassay measurement.”
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SRS Appendix A
U™ Evaluation of USTUR Case 0259

Evalvuation of USTUR Case 0259 from data presented by A. C. James et al.
USTUR Case0259 Whole Body Donation: A Comprehensive Test of the Current
ICRP Models for the Behavior of Inhaled Pu238 Oxide Ceramic Particles
Health Physics 84(1):2-33:2003.

Define global constants.

=0 Radioactive decay constant.

_ _ Ci _
nCi=37Bq pCi=10 °nCi  aCi=10 °nCi  dpm= % mrem = 10 >-Sv
ORIGIN = 1

The compartments in the model are assigned numbers to clarify their use in the
arrays to be defined.

Respiratory tract compartments.
All:=1 bbl:= 4 BBl:=7 ET2:= 10 LNet := 13
Al2:=2 bb2:=5 BB2:=8 ETseq:= 11 LNth:= 14
Al3:=3 bbseq := 6 BBseq := 9 ET1:=12

Transformed respiratory tract compartments.

TAI1:=15 Thhl:= 18 TBB1 := 21 TET2:= 24 TLNth := 27
TAI2:=16 Thh2:= 19 TBB2 := 22 TETseq := 25
TAI3:=17 Thhseq:=20 TBBseq:= 23 TLNet:= 26

Gl tract compartments and feces.

S=28 Sl:==29 ULI:=30 LLI:=31

Systemic compartments of the ICRP 67 plutonium model.

blood:=32 ST0:=35 CV:=38 TV =41 OKT:=44 nads:=47  feces:= 49
LIV1:=33 ST1:=36 CS:=39 TS:= 42 UP := 45 ENV := 48  urine := 50
LIV2:=34 ST2:=37 CM:=40 T™ = 43 UBC := 46
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Initial content of the compartments for a 5 um AMAD aerosol. Any content not
explicitly given has a value of zero.

0y ) 1506.10°
Wy, 3191107
043 5.319.10°
WOpps 6.569-10°°
Oy 438410
Obbseq | | 7.720.10°
Vgr | | 1472107
gy 5.921.10°
qoBBseq 1.243.10™
Wer 3.989.10"
Petseq | | 190610
gy ) 338510 Oyrine =

Define rate constants. All rate constants are in units of 1/days and
modifications are highlighted in yellow.

Absorption rate constants inferred from bioassay data by James et al. These are the only
parameters in the biokinetic model that are modified.

6

sp=10" spt = 0.00189 st = 0.000257

Define transfer rate constants for the respiratory tract compartments.

Kart.por = 0-02
Kai1, blood = 5P
Kai1, TAi1 = St
Katz. ot = 0-001
Kai2, blood = 5P
Kai2, TA12 = Spt
Kaya. ooy = 0-0001

Kopz, BB1 = 003
Kob2, blood = 5P
Kpb2, Thbz = St
Kgg1,eT2 = 10
KgB1, blood = 5P
Kgg1,TBB1 = St
Kggo, g2 = 003

A-2

k = 0.001

ETseq, LNet :
I(ETseq,blood =5
I(ETseq,TETseq = Spt

KeBseq, Lth = 0-01

I(BBseq, blood = 5P

I(BBseq, TBBseq Spt

I(bbseq, LNth -~ 0.01
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Kaya, Lty = 000002
K3, blood = 5P
Kaiz, TAl3 = St
Kop1,BB1 = 2

Kob1, blood = 5P

k

bbl, Thb1 *— SPt

Kgg2, blood = 5P
Keg2, TBB2 = SPt
kerp, g = 100
KeT2, blood = 5P
KeTo, TET2 = St
Ker1,eny = 1

I(bbseq, blood = 5P

I(bbseq , Thbseq ™~ Spt

K Nth, TLNth == Spt

I(LNet, blood = P

KL Net, TLNet = Spt

KL Nth. blood = 5P

Define transfer rate constants for the transformed respiratory tract compartments.

k

kTA|1, Thbl ™~ “AlI1,bbl

Kt A1, blood = St

k

kTAIZ, Thbl ™~ “AI2,bbl

K Al12. blood = St

k

kTA|3, Thbl ™~ “AI3,bbl

kTA|3, TLNth = K

K A3, blood = St

kabl,TBBl = kbbl,BBl
Kby, blood = St
kabZ,TBBl = kbe,BBl

Krpb2. blood = St

k

kTBBl,TETZ = BB1,ET2

Al3, LNth

kTBBZ, TET2 = K

KrBB2, blood = St
kT =k
ET2.5~ NET2.S

KrET2. blood = St

BB2,ET2

K ETseq, TLNet = XETseq, LNet

kTETseq, blood "~ St

K BBseq, TLNth = ¥BBseq, LNth

kTBBseq,bIood =St

kT =k
bbseq, TLNth

kT = §t
bbseq, blood

kT = S5t
LNet, blood

KL Nth. blood = St

bbseq, LNth

KrBB1, blood = St

Define transfer rate constants for the systemic compartments.

kblood, Ly = 01941

k = 0.1294

blood, CS *

k = 0.1941

blood, TS *

k = 0.0129

blood, UBC *

k = 0.00647

blood, UP -

kblood,STZ = 0.0129
kSTO,bIood = 0693
kup. upc = 001386
KoKT . blood = 000139
KsT1. bloog = 0-000475

A-3

k = 0.0000821

CS,CM *

kTV, ™ = 0.000493

k = 0.0000821

CV,CM "~

k = 0.0076

CM., blood *

kTM,bIood = 0.0076
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k == 0.00177
Kotood, okT = 000823 gy e i= 0.000475  "LIVL,LIV2
k := 0.000133
Kotood, ULt = 00129 Kgy jgeq = 0-000019  "LIVL.SI
k == 0.000211
Kolood, nads = 0-00023  kpg ,i= 0.000247 LIV2, blood
k == 0.00019
Kolood, sT0 = 02778 Kpg 1= 0.000493 nads, blood
k =12
Kolood, 571 = 0-0806 ke oy = 00000411 UBC, urine
Define transfer rate constants for the Gl tract.
k 1
S SI, UL o
fl = 110 kS,Sl = 24 kSl,ULl = 6 kSI’bIOOd = 1_—f1 ULI, LI =
Calculate the total removal rate constants
total(k,2.) == |K « k
for comp e 1..cols(k)
K «0
comp, comp
for je 1..cols(k)
K <K +k . if comp #
comp, comp comp,comp ~ comp, j
K «— —(K + k)
comp, comp comp, comp
K
kK .o =
urine, urine
k:= total(k,x)

Calculate the coefficients and rate constants for the retention functions.

coeff(k,q0) := | g0 « submatrix(q0, 1, rows(k), 1, 1)

V « eigenvecs(kT)
M <« Isolve(V,q0)
for je 1..cols(k)
for ie 1..cols(k)
Ci,j « Vi,j'Mj

A4

24
13

k 1

LLI, feces =
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Y= eigenvals(kT)

C := coeff(k,q0)

cols(k)

at.comp):= > oo vexpl(vi)]
i=1

Define urinary excretion function

I
3.203 x 10 87.7-yr = 3.203 x 10" day

U This function defines the Pu excreted

in urine between day t-1 and day t.

ey(t) := (q(t,urine) — q(t — 1,urine))-e

Evaluate USTUR 259 Case

o
€obs ) ' 2 0
3 0
4 0
76 0
123 0.16
150 0.07
186 0.07
209 0.1
264 0.16
283 0.18

€obs = €obs'PCi

i=1..48

Ty := 6532 number of days from intake to death
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Calculate the Pu-238 intake, predicted urinary excretion, and predicted organ burdens

Pu-238 in Urine (pCi)

0.75

o
3

0.25

48
z Cobs,
i=1

li= ————— | = 1473 x 10%pCi

Day

A-6

48
t.
Z e“( .) | = 5.451 x 10" Bq
i=1
BBseq ST TBBseq AT \
iung := I Z q(Td,i)-e T z Q(Td,i)'e ‘
i=All i=TAIl )
™ A
AT
bone = I Z Q(Td,i)'e ‘
i=CV )
AT
liv = I~[(q(Td,LIV1) +o(Tg,LIV2))-e d}
Eexpi = eu(tl)l
€high, = eobsi + O-5"3obsi
Elow, = eobsi - 0-5'eobsi
®
i I | i
[ ]
¢ D O O g &0 q
(o]
I D —
X | | | | | |
1000 2000 3000 4000 5000 6000

7000
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Liver Autopsy Data

137-Bq = 3.703 x 103 pCi
+/-

4.Bq = 1.081 x 10°pCi

Qiv = 2953 pCi

Lung Autopsy Data

20.9-Bq = 5.649 x 10°pCi

Glung = 683pCi

A-7

Bone Autopsy Data

104-Bq = 2.811 x 10° pCi
+/-

1.Bq = 2,703 x 10" pCi

Obone = 4140 pCi
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SRS Appendix B
.~/ Evaluation of USTUR Case 0259 with Uncertainties

Evaluation of USTUR Case 0259 from data presented by A. C. James et al. USTUR Case0259
Whole Body Donation: A Comprehensive Test of the Current ICRP Models for the
Behavior of Inhaled Pu238 Oxide Ceramic Particles Health Physics 84(1):2-33:2003.

Uncertainties from urine bioassay are calculated in this worksheet.

ORIGIN=1

nCi = 37-Bq

pCi =10~

3~nCi

uCi = 10%pCi

The compartments in the model are assigned numbers to clarify their use in the arrays to be defined.

All:=1
Al2:=2
Al3:=3
TAIl:= 15
TAI2 .= 16
TAI3 = 17
S=28
blood := 32
LIV1:= 33
LIV2 := 34

bbl:= 4 BBl:=7 ET2:= 10
bb2:=5 BB2:=8 ETseq:= 11
bbseq := 6 BBseq := 9 LNet := 12
Thbl:= 18 TBB1:= 21 TET2:= 24
Thb2 := 19 TBB2 := 22 TETseq := 25
Thbbseq:= 20 TBBseq:= 23 TLNet:= 26
Sl:=29 ULI := 30 LLI:= 31
ST0:=35 CV:= 38 TV =41
ST1:= 36 CS:=39 TS:= 42
ST2 =37 CM := 40 TM:= 43

LNth = 13
ET1:= 14
TLNth := 27
OKT := 44
UP = 45
UBC := 46

nads := 47
ENV := 48
feces := 49

urine := 50

Deposition parameters calculated with LUDUC. These 1000 values assume 5 um AMAD, a

density of 10 g/cc, and light exercise.

DFET1)

DFET2
DFgp

Dbe =
DFAa|

FseB
Fspb )

O O o0 00 ooo oo

.3824307
-4117763
-2854435
.3640713
.3614031
.3513172
-4115148
-3544650
.3327872
.2299703

O O 0O 00 o oo oo

.3618683
.4768381
-3096401
.3770601
.3861653
.4606443
.5665783
.3765788
.5143833
.3362615

O O O O o o o o o o

-0215043
-0114585
-0181279
.0147265
.0118707
-0220846
-0158309
-0050744
.0092004
.0111267

O O 0O OO0 o oo oo

.0164575
.0026248
.0122373
.0030048
.0123206
.0085090
.0067313
-0052642
.0052477
.0288326

B-1

O O O O o o o o o o

-1045146
.0302902
-0555491
.0242068
.0990075
.0468516
.0294167
-0232554
.0305225
.0861704

O OO O O o o o o o

-5605827
.6252462
.6261812
.5873427
.6184139
.3974973
.5511362
-5171263
4724866
.5291479

O O OO0 o oo oo

.6211035
.6516554
-6701694
.6121804
.6778674
-4262016
-5840935
-5598844
.5001576
.6004671
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The function returns the deposition fractions in each compartment using the mth row of the LUDUC
parameter matrix. The geometric standard deviations are those given by Bolch et al, Influences of
Parameter Uncertainties within the ICRP 66 Respiratory Tract Model: Particle Deposition

Health Physics (81 (4):378-394; 2001. Any content not explicitly given has a value of zero.

DepositionFractions(m) := qourine <0
Q01 < rlnorm(l,In(0.3),ln(1.10))1.D|:Alm
G0, 3 < 0-1-DFA|
qOAlz « DF/_\|m - qOAll _ q0A|3
qObbseq <« rlnorm(1,n(0.007), |n(1.73))1'Dbem
QOppp < Fsbbm.Dbem
qobbl < DI:bbm B qobbseq B qObb2
40gggeq < MNOTM(L,I1n(0.007),In(1.73)), DF g _
10ggy < FSBBm'DFBBm
Ppa1 < DFBBm B qoBBseq ~ WOgp;
0pygpq < Mnorm(1,1n(0.0005),In(1.73))-DFeT2
qOET2 < DFEsz B qoETseq
A0gry < DFETL
qo
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Define transfer rate constants for the respiratory tract. The geometric standard deviations are
those given by Bolch et al.

Klung(K) ==

fr < —0.1566707
sy < 0.001891
Sg < 0.000257
St < Sg

Spt <= (1 - fr)'(sr - St)
Sp <« Sr - Spt

Ka1,ppy €< 002

Kai2, b1 < finorm(1,In(0.001), In(1.41))

kA|3, bpy < norm(1,1n(0.0001), In(1.73))

Ka3, Lnth < Minorm(1,1n(0.00002), In(1.41))

kbbl,BBl «— rlnorm(l,In(2),|n(1,41))1

Kbz, g1 < Mnorm(1,In(0.03),In(1.73))

Kggy, g2 < Mnorm(1,In(10),In(1.22))

Kgg, g2 < Mnorm(1,1n(0.03),In(1.73))

kET2,S <« rlnorm(1, In(100),|n(1.73))1

kETl, ENV € rInorm(l,In(l),In(l.?S))1

KeTseq. Let < 110rm(,1n(0.001), In(1.73)),

kBBseq, LNth € rinorm(1, In(O.Ol),In(l.?S))1

Kopseq. Lt < MNOrM(L.In(0.01).In(1.73)),

for i e All..LNth
for je All..LNth

Kiv1a, jr14 < K

KreTa,s < Ker2.s

for ie All.. LNth
Ki ir14 < Spt
Ki_blood < Sp

for ie TAIL.. TLNth

Ki blood < St

B-3
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Define transfer rate constants for the systemic compartments and Gl tract. For lack of better
information, the geometric standard deviations are assumed to be equal to the constant o, which
is assumed to equal 1.001 here. This results in basically a deterministic (point) estimate of the

parameters.
Ksysl(k) =

KsysZ(k) =

kblood, Livi € rlnorm(l, In(0.1941), In(a))l

Kplood, cs < rinorm(1, In(0.1294), In(at));
kbIood,TS ))1

kblood, UBC € rinorm(1, In(0.0129), In(«

kblood, up € rInorm(l, In(0.00647), In(a)

Knlood, OKT < rinormi(1,1n(0.00323), In(c.)) 1

<« rlnorm(l,ln(0.1941),ln(a
)1

1

)
)

K o0d. ULL < rinorm(1, In(0.0129), In(ct));

Kotood. nads < rinorm(1, In(0.00023), In(c))4

Kblood, 0 <~ MNOrm 1,In(0.2773), In(at))

( )
Kotood, ST1 < rinorm(1, In(0.0806), In(ct));
( )

Kotood, sT2 € FlnOrm 1,In(0.0129), In());

k

STO, blood

kOKT,bIood <« rInorm(l, In(0.00139), In a))l

KsT1. blood < rinorm(1, In(0.000475) , In

KsT2.blood < rinorm(1, In(0.000019) , In

kCM,bIood <« rInorm(1, In(0.0076), In(

k “— rInorm(l,In(0.693), In(a))l
(

o))

(o))
()1
1

o))
kI'M blood <~ rlnorm(l,|n(0_0076),|n(a))1

KLiv2. blood € rinorm(1, In(0.00021.1) , In(cx))

knads,blood <« rlnorm(l, In(0.00019), In(a))l

k

B-4
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ksys3(K) = [Kyp yge € rinorm(1, In(0.01386) , In(ct))1

ksT1.uBC © rinorm(1, In(0.000475), In(ct))4

krg 1y < rinorm(1,1n(0.000247). In(a));
Krs 1o € rinorm(1, In(0.000493), In(c))4

kes.cv < rinorm(1, 1n(0.0000411),, In(a));

kes.om €< rinorm(1, 1n(0.0000821), In(a));

Kry 1y < rnorm(1,In(0.000493), In(a));

kev.om € rinorm(1, 1n(0.0000821) ,In(a));

kLIVl, LIv2 € rinorm(1, In(0.00l??),In(a))l

KL vi.st < rinorm(1, In(0.000133), In(ct))4

Kugc, urine € rinorm(1, In(12).,In(at))

k

ka1 = [ <1077
K, <« rlnorm(l,ln(24),ln(a))1

S, Sl

kSI,ULI <« rinorm(1,1n(6), In(at))1
k, £

K SI,ULI

Sl,blood ™ " _f, f

24 \
KoLr L € rInorm(l,In(— In(a)

13) )1

KLLI feces € rinorm(1, In(1), In(a))1

k

Calculate the total removal rate constants

total(k,1) == |K < k
for comp e 1..cols(k)

K <0
comp, comp

for je 1..cols(k)

K «~— K + Kk . if comp = j
comp, comp comp,comp '~ comp, j

+x)

<~ —(K
comp, comp comp, comp
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This function creates a complete rate constant matrix.

RateMatrix(k) := |k < xjung(k)

K < 1sys1(K)
k < ksysa(K)
k « ksys3(K)
k < xgi(K)

k « total(k, 0)
k

Calculate the coefficients and rate constants for the retention functions.

coeff(k,q0) := | g0 <« submatrix(q0, 1, rows(k), 1, 1)

V « eigenvecs(kT)
M « Isolve(V,q0)
for je 1..cols(k)

for ie 1..cols(k)
Ci,j « Vi,j'Mj

rows(y)
q(t,comp,C,Y)3= Z Ccomp i

[()-4

Urinary excretion data for USTUR 0259. Time t is in days and observed urinary excretion eqps iS

in pCi per day.

)

AWN

76
123
150
186
209
264
283

i=1. rows(eobs)

O O O o

0.07
0.07

0.1
0.16
0.18

- In(2)
- decay constant for Pu-238

(3203 % 10%)

a = 1.001 o for systemic parameters

Ty := 6532 number of days from intake to death
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This function calculates the organ burdens of interest, intake, and urinary excretion for a given vector
of initial compartment contents 0.

Results(q0) :=

k . .« 0
urine, urine

for ie 1..urine
for je 1..urine

k..« 0
0]

k < RateMatrix(k)
Y <« eigenvals(kT)
C « coeff(k,q0)

BBseq ATy TBBseq
Olung < Z o(Tq.i.C.v)-e + z o(Tq.i.C.v)-e
i=All i=TAIl
M AT
Obone < Z q(Td7I9C7Y) e ‘
i=CV

ai < (a(Ta LIVL,C.7) + q(Ta,LV2.C.y))e

Qurine < Q(Td,UFiHE,C,“{)
for je 1..rows(t)
— -t

Cexp, < [q(tj,urine,c,y) - q[(tj - 1),urine,C,yﬂ~e ]

rows(t)
Z Sobs,

i=1
| «
rows(t)

Z Cexp;

i=1
)
Cexp
Qliv
Ghone
Ulung
Qurine )

B-7
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All of the functions defined above are executed below and the results assigned to the matrix A.
Note that in Mathcad a function can return only one parameter, which may be a rather complex
matrix as in this case.

A:= |for mel..N
Am <« Results(DepositionFractions(m))

A

To make things clearer, the relevant parts of A are assigned to matrices with more meaningful names.

Intake = (A ) The 1000 intakes calculated from iterative fits to the urine data in units
1 -
of pCi.

IRF = (Am) The 24-hour incremental urinary excretion fractions for Pu-238.

2

Qurine = Intake ~(A ) The total amount of stable plutonium excreted to the urine
m m{ m/g
compartment over 6532 days.

Obone = Intakem-(Am) The skeletal burdens in pCi at 6532 days after intake.
m 4

dQiv = Intakem~(Am> The liver burdens in pCi at 6532 days after intake.
m 3

Glung,_ = Intakem~(Am>5 The lung burdens in pCi at 6532 days after intake.

Intakes Calculated from Urine Data

mean(Intake) = 1.731 x 106 G := histogram(100, Intake)

stdev(Intake) = 9.397 x 105

Intakes
6 60 T
max(Intake) = 7.992 x 10
min(Intake) = 4.046 x 10° 3 40 =
stdev(Intake — 2
stdev(Intake) _ 5 457 1071 I 20 -
mean(Intake)
0 1 | I I
Intakeyean := mean(Intake) 0 2.10° 4.10° 6.10° 8.10°

pCi of Pu
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Urinary Excretion

ST

o 1000 2000

3000 4000 5000 &a00 7000
Drasy

The uncertainties in the observed urinary excretion are arbitrarily set to +/-50% of the observed

value.

G- histogram(lOO,eexp<10>~1000)

Urinary Excretion at 283 days

40 T T

0
100 150 200 250
fCiPu
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Liver

Liver Burden

4000 T T T

3500 [~ =
8 L] ¢
3 . . ) L .. [
c ‘e . ° “*e o o ° . ° ° e
Baooofie o e, S i St ohemte b, ot St
= [=e% o o . ., * o % o '-' o o0 % .' 3
S o o 20 & o . & 8,% s o oo - ®e o300 . % 02%%e% .
M RS C2%RS Roion, § ago3™e  an % o1l °0 Lo e .- AR c, R d s LA
— o 4 oqeot '.""':"'.""*~ o0 Jalroy o FEY .’:""-' -A!.'.'.- =%, "‘ .f'. a’ye RN
2 * % ..:."{! ‘:" :-r;-" by 5:{,2,-’ 'Lc?::":-"""' gt “{- POLI 0 S
] I ] ..p % . M .-.'-of...."..- Qoo ?* . .l *a on o™ - 0.. .O. S °

-. . .$ ..u. . O.. 3 .. -. : : . L .® .'. . o o ....‘:0. n'
2500 [~ ° ’ . N .. . .
2000 | | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
Trial

e ¢ ¢ from urine
— autopsy

Liver Autopsy Data mean(qjjy) = 2.842 x 10°

137.Bq = 3.703 x 10°pCi stdev(qljy) = 1.247 x 102

+/-
3
max(q“v) =3.303x 10
4.Bq = 1.081 x 10°pCi
min(ajiy) = 2.309 x 10°

sulev(diy) _ 4388 x 107 2
mean(qiiy)
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G := histogram(100, gjiy)

Liver Burden
60 I I I

Frequency

[
2900 3000 3100 3200 3300

0
2300 2400 2500 2600 2700 2800
pCi of Pu
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Lung

Lung Burden

2000 | : :
1500 [~
3 ° o0 . ° .
[y o ° ." ° . ° ° .. Py
3 . o ® . o .
S 1000 . . v S L . .
@ oo '-.'. RO .o LALIAIC '."
2 Ao e PR ITRSRRI SR
3 2550 e o 0 ooy 0 X% 3% .':. P TSE oy - "
"N ".. Iu:.. . . -.‘. \.. ° 0e%® o]
_;.o‘u . Se® .o ° s 3 N ~? .0"0
S0 L% o ET T e B R
) . .. T 3 c " .
0 | | | | °1
0 100 200 300 400 500 600

® ¢ ¢ from urine
— autopsy

Lung Autopsy Data

20.9-Bq = 5.649 x 10°pCi

mean(q|ung) = 6.796 x 102

stdev(qjyng) = 2.296 x 10°
max(Qiung) = 1514 x 10°
min(gjung) = 4125 x 10"

stdev(q|ung) 1

=3379%x 10
mean(q|ung)
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G:= histogram(lOO,QIung)

Lung Burden
I

40

Frequency

800 1000 1200 1400 1600
pCi of Pu

0 200 400 600
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Skeleton (including all marrow)

Skeleton Burden
5000 T T T

4500
6_\
o
= 4000
3
5
m
c
[}
@ 3500 [~ . . I
£
wn
3000 [~ I
2500 | | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
Trial

® * ¢ fromurine
— autopsy

Bone Autopsy Data

3 mean(qbone) = 4.201 x 103
104-Bq = 2.811 x 10" pCi

2
+/- stdev(qbone) =1.709x 10

1 .
1.Bg = 2.703 x 10" pCi maX(Qbone) 4877 x 103

min(qbone) = 3.444 x 103

stdev(ahone)

mean(Qbone)

~ 4.069% 10”2
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G := histogram(100, gpone)

Skeleton Burden
60 T T

Frequency

4200 4400 4600 4800 5000
pCi of Pu

0
3400 3600 3800 4000
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SRS Appendix C
.~/ Evaluation of USTUR Case 0259 with Uncertainties

Evaluation of USTUR Case 0259 from data presented by A. C. James et al. USTUR Case0259
Whole Body Donation: A Comprehensive Test of the Current ICRP Models for the
Behavior of Inhaled Pu238 Oxide Ceramic Particles Health Physics 84(1):2-33:2003.

Uncertainties from urine bioassay are calculated in this worksheet.

ORIGIN=1

nCi = 37-Bq

pCi =10~

3~nCi

uCi = 10%pCi

The compartments in the model are assigned numbers to clarify their use in the arrays to be defined.

All:=1
Al2:=2
Al3:=3
TAIl:= 15
TAI2 .= 16
TAI3 = 17
S=28
blood := 32
LIV1:= 33
LIV2 := 34

bbl:= 4 BBl:=7 ET2:= 10
bb2:=5 BB2:=8 ETseq:= 11
bbseq := 6 BBseq := 9 LNet := 12
Thbl:= 18 TBB1:= 21 TET2:= 24
Thb2 := 19 TBB2 := 22 TETseq := 25
Thbbseq:= 20 TBBseq:= 23 TLNet:= 26
Sl:=29 ULI := 30 LLI:= 31
ST0:=35 CV:= 38 TV =41
ST1:= 36 CS:=39 TS:= 42
ST2 =37 CM := 40 TM:= 43

LNth = 13
ET1:= 14
TLNth := 27
OKT := 44
UP = 45
UBC := 46

nads := 47
ENV := 48
feces := 49

urine := 50

Deposition parameters calculated with LUDUC. These 1000 values assume 5 um AMAD, a

density of 10 g/cc, and light exercise.

DFET1)

DFET2
DFgp

Dbe =
DFAa|

FseB
Fspb )

O O o0 00 ooo oo

.3824307
-4117763
-2854435
.3640713
.3614031
.3513172
-4115148
-3544650
.3327872
.2299703

O O 0O 00 o oo oo

.3618683
.4768381
-3096401
.3770601
.3861653
.4606443
.5665783
.3765788
.5143833
.3362615

O O O O o o o o o o

-0215043
-0114585
-0181279
.0147265
.0118707
-0220846
-0158309
-0050744
.0092004
.0111267

O O 0O OO0 o oo oo

.0164575
.0026248
.0122373
.0030048
.0123206
.0085090
.0067313
-0052642
.0052477
.0288326

C-1

O O O O o o o o o o

-1045146
.0302902
-0555491
.0242068
.0990075
.0468516
.0294167
-0232554
.0305225
.0861704

O OO O O o o o o o

-5605827
.6252462
.6261812
.5873427
.6184139
.3974973
.5511362
-5171263
4724866
.5291479

O O OO0 o oo oo

.6211035
.6516554
-6701694
.6121804
.6778674
-4262016
-5840935
-5598844
.5001576
.6004671
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The function returns the deposition fractions in each compartment using the mth row of the LUDUC
parameter matrix. The geometric standard deviations are those given by Bolch et al, Influences of
Parameter Uncertainties within the ICRP 66 Respiratory Tract Model: Particle Deposition

Health Physics (81 (4):378-394; 2001. Any content not explicitly given has a value of zero.

DepositionFractions(m) := qourine <0
Q01 < rlnorm(l,In(0.3),ln(1.10))1.D|:Alm
G0, 3 < 0-1-DFA|
qOAlz « DF/_\|m - qOAll _ q0A|3
qObbseq <« rlnorm(1,n(0.007), |n(1.73))1'Dbem
QOppp < Fsbbm.Dbem
qobbl < DI:bbm B qobbseq B qObb2
40gggeq < MNOTM(L,I1n(0.007),In(1.73)), DF g _
10ggy < FSBBm'DFBBm
Ppa1 < DFBBm B qoBBseq ~ WOgp;
0pygpq < Mnorm(1,1n(0.0005),In(1.73))-DFeT2
qOET2 < DFEsz B qoETseq
A0gry < DFETL
qo
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Define transfer rate constants for the respiratory tract. The geometric standard deviations are
those given by Bolch et al.

Klung(K) ==

fr < —0.1566707
sy < 0.001891
Sg < 0.000257
St < Sg

Spt <= (1 - fr)'(sr - St)
Sp <« Sr - Spt

Ka1,ppy €< 002

Kai2, b1 < finorm(1,In(0.001), In(1.41))

kA|3, bpy < norm(1,1n(0.0001), In(1.73))

k « rlnorm(1,In(0.00002-1.55), In(1.41))1

Al3, LNth

kbbl,BBl «— rlnorm(l,In(2),|n(1,41))1

Kbz, g1 < Mnorm(1,In(0.03),In(1.73))

Kggy, g2 < Mnorm(1,In(10),In(1.22))

Kgg, g2 < Mnorm(1,1n(0.03),In(1.73))

kET2,S <« rlnorm(1, In(100),|n(1.73))1

kETl, ENV € rInorm(l,In(l),In(l.?S))1

KeTseq. Let < 110rm(,1n(0.001), In(1.73)),

kBBseq, LNth € rinorm(1, In(O.Ol),In(l.?S))1

Kopseq. Lt < MNOrM(L.In(0.01).In(1.73)),

for i e All..LNth
for je All..LNth

Kiv1a, jr14 < K

KreTa,s < Ker2.s

for ie All.. LNth
Ki ir14 < Spt
Ki_blood < Sp

for ie TAIL.. TLNth

Ki blood < St

C-3
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Define transfer rate constants for the systemic compartments and Gl tract. For lack of better
information, the geometric standard deviations are assumed to be equal to the constant o, which
is assumed to equal 1.001 here. This results in basically a deterministic (point) estimate of the

parameters. Also, note that modifications per James et al. are implemented here.

Ksysl(k) =

KsysZ(k) =

k

blood, LIV1

k

blood, CS

kblood, TS

k

blood, UBC

k

blood, UP

k

blood, OKT
kblood, ULI

kblood, nads

k

blood, STO

k

blood, ST1

kblood, ST2

k

K

STO, blood

k

OKT, blood

k

ST1,blood

k

ST2,blood

k

CM, blood

KI'M ,blood

k

k

k

LIV2,blood

nads, blood

<« rinorm(1,In(0.1941-1.412) , In(«t))
<« rinorm(1,In(0.1294-0.420),, In(ct))
<« rinorm(1,In(0.1941-1.425),, In(at));
<« rInorm(l,In(0.0129-1.12),ln(a))1
<« rinorm(1, In(0.00647-1.12), In(et));
<« rInorm(l, In(0.00323), In(a))l
<« rInorm(l,In(0.0129),In(a))l
<« rlnorm(l,In(0.000ZS),In(a))l
“«— rInorm(l,In(0.2773),In(a))l
<« rinorm(1, In(0.0806),, In(c.))4

( )

<« rlnorm 1,In(0.0129),|n(a 1

« rinorm(1, In(0.693) . In(a1))

« rinorm(1, 1n(0.00139),, In(a));
a))
o))

<« rlnorm(1, In(0.000475), In(ct));
<—rInorm(l,In(0.0000lQ),In( 1
“— rInorm(l,In(0.0076),ln(a))1
<« rInorm(l, In(0.0076), In(oc))l

« rlnorm(1, In(0.000211), In(ct));

<« rlnorm(l,In(0.000lQ),In(cx))l

c4
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ksys3(K) = [Kyp yge € rinorm(1, In(0.01386) , In(ct))1

ksT1.uBC © rinorm(1, In(0.000475), In(ct))4

krg 1y < rinorm(1,1n(0.000247). In(a));
Krs 1o € rinorm(1, In(0.000493), In(c))4

kes.cv < rinorm(1, 1n(0.0000411),, In(a));

kes.om €< rinorm(1, 1n(0.0000821), In(a));

Kry 1y < rnorm(1,In(0.000493), In(a));

kev.om € rinorm(1, 1n(0.0000821) ,In(a));

kLIVl, LIv2 € rinorm(1, In(0.00l??),In(a))l

KL vi.st < rinorm(1, In(0.000133), In(ct))4

Kugc, urine € rinorm(1, In(12).,In(at))

k

ka1 = [ <1077
K, <« rlnorm(l,ln(24),ln(a))1

S, Sl

kSI,ULI <« rinorm(1,1n(6), In(at))1
k, £

K SI,ULI

Sl,blood ™ " _f, f

24 \
KoLr L € rInorm(l,In(— In(a)

13) )1

KLLI feces € rinorm(1, In(1), In(a))1

k

Calculate the total removal rate constants

total(k,1) == |K < k
for comp e 1..cols(k)

K <0
comp, comp

for je 1..cols(k)

K «~— K + Kk . if comp = j
comp, comp comp,comp '~ comp, j

+x)

<~ —(K
comp, comp comp, comp
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This function creates a complete rate constant matrix.

RateMatrix(k) := |k < xjung(k)

K < 1sys1(K)
k < ksysa(K)
k « ksys3(K)
k < xgi(K)

k « total(k, 0)
k

Calculate the coefficients and rate constants for the retention functions.

coeff(k,q0) := | g0 <« submatrix(q0, 1, rows(k), 1, 1)

V « eigenvecs(kT)
M « Isolve(V,q0)
for je 1..cols(k)

for ie 1..cols(k)
Ci,j « Vi,j'Mj

rows(y)
q(t,comp,C,Y)3= Z Ccomp i

[()-4

Urinary excretion data for USTUR 0259. Time t is in days and observed urinary excretion eqps iS

in pCi per day.

)

AWN

76
123
150
186
209
264
283

i=1. rows(eobs)

O O O o

0.07
0.07

0.1
0.16
0.18

- In(2)
- decay constant for Pu-238

(3203 % 10%)

a = 1.001 o for systemic parameters

Ty := 6532 number of days from intake to death
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This function calculates the organ burdens of interest, intake, and urinary excretion for a given vector
of initial compartment contents 0.

Results(q0) :=

k . .« 0
urine, urine

for ie 1..urine
for je 1..urine

k..« 0
0]

k < RateMatrix(k)
Y <« eigenvals(kT)
C « coeff(k,q0)

BBseq ATy TBBseq
Olung < Z o(Tq.i.C.v)-e + z o(Tq.i.C.v)-e
i=All i=TAIl
M AT
Obone < Z q(Td7I9C7Y) e ‘
i=CV

ai < (a(Ta LIVL,C.7) + q(Ta,LV2.C.y))e

Qurine < Q(Td,UFiHE,C,“{)
for je 1..rows(t)
— -t

Cexp, < [q(tj,urine,c,y) - q[(tj - 1),urine,C,yﬂ~e ]

rows(t)
Z Sobs,

i=1
| «
rows(t)

Z Cexp;

i=1
)
Cexp
Qliv
Ghone
Ulung
Qurine )

C-7
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All of the functions defined above are executed below and the results assigned to the matrix A.
Note that in Mathcad a function can return only one parameter, which may be a rather complex

matrix as in this case.

A= |for mel..N

Am <« Results(DepositionFractions(m))

A

To make things clearer, the relevant parts of A are assigned to matrices with more meaningful names.

Intake = (Am)
1

IRF = (Am)2

Qurine_ = Intakem~(Am)
Goone = Intakem-(Am)4
Qliv_:= Intakem~(Am>

Olung_ = Intakem~(Am>

3

The 1000 intakes calculated from iterative fits to the urine data in units
of pCi.

The 24-hour incremental urinary excretion fractions for Pu-238.

The total amount of stable plutonium excreted to the urine
compartment over 6532 days.

The skeletal burdens in pCi at 6532 days after intake.
The liver burdens in pCi at 6532 days after intake.

The lung burdens in pCi at 6532 days after intake.

Intakes Calculated from Urine Data

mean(Intake) = 1.790 x 106
stdev(Intake) = 9.710 x 105
max(Intake) = 8.277 x 106
min(Intake) = 4.185 x 105

stdev(Intake)
mean(Intake)

=5424x 10

Intakeyean := mean(Intake)

1

G := histogram(100, Intake)

Intakes
60 T T
S 40 N
c
s
5
[ 20— I
0 6 eh---l -6 - I-e 7
0 2-10 4-10 6-10 8-10 1-10

pCi of Pu
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Urinary Excretion
j:==1.N

i:=1.48
e = Intake.-(IRF.
By i J( )

€high, = eobsi + 0-5'eobsi Elow, = eobsi - 0-5'eobsi

035 -

W'ﬂm'ﬂ Il 1l

| | 1 | | |
f o 1000 2000 3000 4000 5000 &a00 7000

Drasy

Pu-238 in Urine (pli)
=
L
I

025

The uncertainties in the observed urinary excretion are arbitrarily set to +/-50% of the observed
value.

G- histogram(lOO,eexp<10>~1000)

Urinary Excretion at 283 days
40 T T

0
100 150 200 250
fCiPu
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Liver

5000
'0:.;*,-.-.‘{’ .':':”.w . ‘? :’*‘\ q
L~ A a & e - o
4000 :-9_»-_;“5_&"? D e > ;., "’fﬁ- 435,:.: Sl .Jv'ﬁ
8 .
& 3000 [~ n
c
=
>
m
< 2000 [~ n
-
1000 [~ n
| | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
Trial
. 3 liv,
Liver Autopsy Data mean(qjjy) = 4.013 x 10 o=
" 3703
137:Bq = 3.703x 10°pCi  stdev(qjiy) = 1581 x 10°
mean(r) = 1.085
+/-
3
max(qjiy) = 4.652 x 10
2
4.Bq = 1.081 x 10 pCi ; stdev(r) 4066 10° )
mln(qnv) =3.310x 10 mean(r) '
stdev(q"\,) _9

~3.940x 10
mean(qjiy)

max(qiy) = 4.652 x 10°

min(aiy) = 3310 x 10°
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G := histogram(100, gjiy)

Liver Burden
80 I

Frequency

4200 4400 4600 4800

3200 3400 3600 3800 4000
pCi of Pu
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Lung

Lung Burden

1500 T T T g
~ 1000
Q
=
c
S
5
[a]
2
2
500
0 | | | | | ‘| | 1 |
0 100 200 300 400 500 600 700 800 900 1000
) Trial
® ¢ ¢ from urine
—— autopsy
Lung Autopsy Data mean(djyng) = 6.549 x 102

2
20.9-Bq = 5.649 x 102 pCi stdev(qiung) = 2232 x 10

max(Qlung) = 1486 x 10°
min(djung) = 3.946 x 10"

stdev(q|ung) 1

=3.409x 10
mean(QIung)

C-12 WSRC-MS-2003-00494



G:= histogram(lOO,QIung)

Lung Burden
I

40

Frequency

800 1000 1200 1400 1600
pCi of Pu

0 200 400 600
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Skeleton (including all marrow)

Skeleton Burden

..:
IIJ,’

L/
°
oy
°
.

¥

L)
)
e & g o °

°
°

o

@ o
000,
o0
(3
°
.

| | | | | | | |
200 300 400 500 600 700 800 900
Trial

I
100

1000

4000

(10d) usping uolelexs

2500

® * ¢ fromurine

autopsy

Bone Autopsy Data

o™
o
—
X
(2}
N
N
™
Il
—
()
<
o
O
(=)
~—
o
3]
[}
£
®)
o
[30)
o
—
X
—
—
€8
(V]
Il
o
a1]
<
o
—

1.405 x 10°

stdev(qbone)

+/-

~3777x 10°

maX(Qbone)

2,703 x 10 pCi

1.Bq

_ 2591 x 10°

mi”(Qbone)

— 2

4.361 x 10

stdev(ahone)

mean(Qbone)
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G := histogram(100, gpone)

Frequency

Skeleton Burden

60

5[~

201

10 [~

[l |

0
2400

2600 2800

3000

3200
pCi of Pu

C-15

3400

m
3600
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SRS Appendix D
.~/ Evaluation of USTUR Case 0259 with Uncertainties

Evaluation of USTUR Case 0259 from data presented by A. C. James et al. USTUR Case0259
Whole Body Donation: A Comprehensive Test of the Current ICRP Models for the
Behavior of Inhaled Pu238 Oxide Ceramic Particles Health Physics 84(1):2-33:2003.

Uncertainties from PAS are calculated in this worksheet.

ORIGIN=1

nCi = 37-Bq

pCi =10~

3~nCi

uCi = 10%pCi

The compartments in the model are assigned numbers to clarify their use in the arrays to be defined.

All:=1
Al2:=2
Al3:=3
TAIl:= 15
TAI2 .= 16
TAI3 = 17
S=28
blood := 32
LIV1:= 33
LIV2 := 34

bbl:= 4 BBl:=7 ET2:= 10
bb2:=5 BB2:=8 ETseq:= 11
bbseq := 6 BBseq := 9 LNet := 12
Thbl:= 18 TBB1:= 21 TET2:= 24
Thb2 := 19 TBB2 := 22 TETseq := 25
Thbbseq:= 20 TBBseq:= 23 TLNet:= 26
Sl:=29 ULI := 30 LLI:= 31
ST0:=35 CV:= 38 TV =41
ST1:= 36 CS:=39 TS:= 42
ST2 =37 CM := 40 TM:= 43

LNth = 13
ET1:= 14
TLNth := 27
OKT := 44
UP = 45
UBC := 46

nads := 47
ENV := 48
feces := 49

urine := 50

Deposition parameters calculated with LUDUC. These 1000 values assume 5 um AMAD, a

density of 10 g/cc, and light exercise.

DFET1)

DFET2
DFgp

Dbe =
DFAa|

FseB
Fspb )

O O o0 00 ooo oo

.3824307
-4117763
-2854435
.3640713
.3614031
.3513172
-4115148
-3544650
.3327872
.2299703

O O 0O 00 o oo oo

.3618683
.4768381
-3096401
.3770601
.3861653
.4606443
.5665783
.3765788
.5143833
.3362615

O O O O o o o o o o

-0215043
-0114585
-0181279
.0147265
.0118707
-0220846
-0158309
-0050744
.0092004
.0111267

O O 0O OO0 o oo oo

.0164575
.0026248
.0122373
.0030048
.0123206
.0085090
.0067313
-0052642
.0052477
.0288326

D-1

O O O O o o o o o o

-1045146
.0302902
-0555491
.0242068
.0990075
.0468516
.0294167
-0232554
.0305225
.0861704

O OO O O o o o o o

-5605827
.6252462
.6261812
.5873427
.6184139
.3974973
.5511362
-5171263
4724866
.5291479

O O OO0 o oo oo

.6211035
.6516554
-6701694
.6121804
.6778674
-4262016
-5840935
-5598844
.5001576
.6004671
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The function returns the deposition fractions in each compartment using the mth row of the LUDUC
parameter matrix. The geometric standard deviations are those given by Bolch et al, Influences of
Parameter Uncertainties within the ICRP 66 Respiratory Tract Model: Particle Deposition

Health Physics (81 (4):378-394; 2001. Any content not explicitly given has a value of zero.

DepositionFractions(m) := qOurine <0
qOAIl «— rlnorm(l,In(0.3),ln(1.10))1.D|:A|m
00,3 < 0-1-DFA|
Q0ppp < DFAIm ~ Q05 ~ q0A|3
A0ppseq < rnorm(L,In(0.007), In(1.73)) - DFpp
4O < Fsbbm.Dbem
qobbl < I:)bem B qobbseq B qObb2
40gseq < MMNOM(L,In(0.007),In(1.73)) ,-DF g _
10gg, < FSBBm'DFBBm
©ge1 DFBBm - qOBBseq ~ 40gp
0 74qq < HOM(L n(0.0005). In(1.73)) DFeTs,
qOET2 < DFEsz B qoETseq
WOprq < DFETlm
qo
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Define transfer rate constants for the respiratory tract. The geometric standard deviations are
those given by Bolch et al.

Klung(K) ==

fr < —0.1566707
sy < 0.001891
Sg < 0.000257
St <— Sg

spt < (1= fr)-(sr - )
sp < Sr - Spt

Kar1,ppy € 002

kAlz, bbl < rinorm(1, In(O.OOl),In(1.41))1

K13, ppg € finorm(1,1n(0.0001), In(1.73))

kAIS, LNth € rinorm(1, In(O.OOOOZ),In(1,41))1

Koz g1 € Mnorm(L.In(2).In(1.41))

Kob2, ga1 < "NOM(L,In(0.03),In(1.73))

kBBl,ETZ «— rlnorm(l,In(lO),In(1.22))1

kBBz, ETo € rinorm(1, In(0.03),|n(1_73))l

kET2,S « rinorm(1, In(100),In(1.73)),

kETl, ENV € rInorm(l,In(l),In(1.73))1

kETseq, LNet < rinorm(1, In(o,001)’|n(1.73))1

kBBseq, LNth rinorm(1,1n(0.01), |n(1.73))1

kbbseq, Lnih < rnorm(1,In(0.01),In(1.73))

for ie All.. LNth
for je All..LNth
Kivia, jr1a < K
Kreto.s < Ketaus
for i e All..LNth
Ki ir14 < Spt
Ki blood <~ Sp
for ie TAIL.. TLNth

Ki blood < St

D-3
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Define transfer rate constants for the systemic compartments and Gl tract. For lack of better
information, the geometric standard deviations are assumed to be equal to the constant o, which
is assumed to equal 1.001 here. This results in basically a deterministic (point) estimate of the

parameters.

Ksys1(K) =

Ksys2(K) =

Knlood, LIv1 < rinormi(1,In(0.1941), In(ct))

kblood cs < rlnorm(l,|n(o,1294),|n(a))1
)1

kblood,TS « rinorm(1,In(0.1941), In(ct))

Kolood, UBC € rinorm(1, 1n(0.0129), In(t))

)
Kotood. Up rinorm(1, In(0.00647), In(c.))

Ketood. okt < Mnorm(1,1n(0.00323) . In(at));

kblood,uu « rInorm(l,In(0.0129),In(q))l

Kolood. nads < rinorm(1, 1n(0.00023) , In(at) )

kblood,STO <« rlnorm 1,In(0.2773),|n(a 1

kblood, ST1

Kblood, T2 < MNorm 1,1n(0.0129), In(a));

k

( )
<« rInorm(l,In(0.0806),In(a))l
( )

STO, blood

kOKT,bIood “— rlnorm(l,ln(0.00139),ln a))l

KsT1.blood < rinorm(1, In(0.000475) , In

KsT2.blood < rinorm(1, 1n(0.000019) , In

kCM,bIood « rinorm(1,1n(0.0076), In(

k «— rlnorm(l,ln(0.693), In(ot))l
(

(o)1
(o)1

(X))l
« rinorm(1, In(0.0076),, In(a.))

KI'M ,blood 1

KLIv2. blood < rinorm(1, In(0.000211) , In(at))1

Knads. blood € rinorm(1, 1n(0.00029) , In(at) )

k

D-4
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ksysaK) = | kyp usc rinorm(1, 1n(0.01386) , In(at))1

ksT1.uBC < rinorm(1, In(0.000475), In(c))4

KI’S v < rInorm(l,In(0.000247),ln(a))1
Krs a1 € rinorm(1, In(0.000493), In(ct));

kes. oy < rinorm(1,1n(0.0000411)  Inet))y

Kes.om € rinorm(1, 1n(0.0000821), In(a));

KI’V ™ € rInorm(l,In(0.000493),In(a) 1

kev. om € rinorm(1, In(0.0000821),, In(c.))4

KL ive, Live € rinorm(1,1n(0.00177), In(ct));

Kivi.st < rinorm(1, In(0.000133), In(ct))4

Kusc., urine < rinorm(1,In(12) ., In(a))

k

gk = [ <1077

ks g1 ¢ rinorm(1, In(24), In(a))1

ks U1 € rinorm(1, In(6), In(c))1

P
K SI, ULI

SI,blood <~ T 1 _ f

24\ \
Ko € r'”orm(l»m(— In(a)

13) "

KLLI feces € rinorm(1, In(1), ()1

k

Calculate the total removal rate constants

total(k,2) == |K < k

for comp e 1..cols(k)

K «0
comp, comp
for je 1. cols(k)

K « K + k . if comp = j
comp, comp comp, comp comp, j

+x)

<~ —(K
comp, comp comp, comp
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This function creates a complete rate constant matrix.

RateMatrix(K) == |k < xung(K)

k « ksys1(K)
k « xsysa(K)
k < ksys3(K)
k < xgi(K)

k « total(k, 0)
k

Calculate the coefficients and rate constants for the retention functions.

coeff(k,q0) := | g0 « submatrix(q0, 1, rows(k), 1, 1)

V « eigenvecs(kT)
M <« Isolve(V,q0)
for je 1..cols(k)

for ie 1..cols(k)
Ci,j « Vi,j'Mj

rows(y)
q(t,comp,C,Y)iz Z Ccomp i

[(vi)4]

Urinary excretion data for USTUR 0259. Time t is in days and observed urinary excretion egps is

in pCi per day.

)™

AW N

76
123
150
186
209
264
283

i == 1.. rows(egps)

O O O o

0.07
0.07

0.1
0.16
0.18

- In(2)
- decay constant for Pu-238

(3203 % 10%)

a = 1.001 Gy for systemic parameters

Ty := 6532 number of days from intake to death
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This function calculates the organ burdens of interest, intake, and urinary excretion for a given vector
of initial compartment contents 0.

Results(q0) :=
N := 1000
m:=1..N

k . A
urine, urine
for ie 1..urine
for je 1..urine
k. .« 0
1,]
k « RateMatrix(k)

Y« eigenvals(kT)
C « coeff(k,q0)

BBseq ATy TBBseq
Oiung < Z q(Td,I,C,y)e + z q(Td,i,C,y)-e
i=All i=TAIl
™ - AT
Obone < Z q(Td,l,C,’Y) e ‘
i=CV

v < (0(Tg LIVL,.C.7) + q(Tg.LIV2.C.y)) e ¢

Qurine < q(Td,urine,C,y)
for je 1..rows(t)
eexpj « [q(tj,urine,c,y> - q[(tj - 1),urine,C,yﬂ~e

€exp )
Aliv

- A

Obone
Ulung
Qurine )

D-7
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All of the functions defined above are executed below and the results assigned to the matrix A.
Note that in Mathcad a function can return only one parameter, which may be a rather complex
matrix as in this case.

A= |for mel..N

Am « Results(DepositionFractions(m))

A

To make things clearer, the relevant parts of A are assigned to matrices with more meaningful names.

Intake = 1.731 x 10° The intake indicated by the PAS

IRF = (Am)1 The 24-hour incremental urinary excretion fractions for Pu-238.

OQurine = Intake~(A ) The total amount of stable plutonium excreted to the urine
m m 5
compartment over 6532 days.

Gbone_ = Intake-(Am)3 The skeletal burdens in pCi at 6532 days after intake.

Gliv_:= Intake-(Am>2 The liver burdens in pCi at 6532 days after intake.

Olung, = Intake-(Am>4 The lung burdens in pCi at 6532 days after intake.
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Urinary Excretion
j:==1.N

i = 1..48
= I k . IRF

€high, = eobsi + 0-5'eobsi Elow, = eobsi - 0-5'eobsi
2 T T | T T T
PSS S Tt
1 5 — +; + ;; f . I E; H : : ., —]
IR Poelv,
a HIHEEE TS
B, : | sibey oL
= 1+ i . —
E I : .
. .
= Py
A
(=]
505k |
-
[
I:l —
-5 | | ] | | |
| 1000 2000 3000 4000 A000 alao 000
Drasy

The uncertainties in the observed urinary excretion are arbitrarily set to +/-50% of the observed
value.

G- histogram(ZOO,eexp<10>~1000)

Urinary Excretion at 283 days
| | | |

w
o

N
o

Frequency

=
o
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Liver

The quantity quiy is the liver burden that would be calculated assuming that the intake was measured

by a PAS and is equal to Intake every time.

15-10*

1100 =, . : .o

Liver Burden (pCi)

5000

Liver Autopsy Data

mean(gjiy) = 3.703 x 10°

137.Bq = 3.703 x 10°pCi stdev(qjiy) = 2.010 10°

+/-
4
max(qjjy) = 1.284 x 10
4.Bq = 1.081 x 10°pCi
min(qiv) = 6.267 x 10°
stdev(qjiv) 1

=5428x 10
mean(q"\,)

D-10
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G := histogram(200, qjjy )

Liver Burden
25 T T T

Frequency

0 2000 4000 6000 8000 110 12.10* 14.10* 1610 1810° 210
pCi of Pu
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Lung

The quantity quung is the lung burden that would be calculated assuming that the intake was measured
by a PAS and is equal to Intake every time.

4000

Lung Burden

3000 [~ °

2000 - , °

Lung Burden (pCi)

e ¢ ¢ fromPAS
— autopsy

Lung Autopsy Data

20.9-Bq = 5.649 x 10°pCi

mean(Qjung) = 8.724 x 102

stdev(qpung) = 5.350 x 10°
max(Gjung) = 3.626 x 10°
min(jung) = 3.379 x 10"

stdev(q|ung)
mean(qlung)

—6133x 10 *

D-12
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G:= histogram(ZOO,QIung)

Lung Burden
30 I

Frequency

m_n
0 500 1000 1500 2000 2500 3000 3500 4000
pCi of Pu

D-13 WSRC-MS-2003-00494



Skeleton (including all marrow)

The quantity Qpone IS the skeletal burden that would be calculated assuming that the intake was
measured by a PAS and is equal to Intake every time.

Skeleton Burden

4
2-10 T T T
L]
- L]
. .
4 . . <
15100 = . . . .o : . .|
—~
.(g_ ° ° . % o : °
L] . o
\E ° ° ° o : ° ° L]
% . . ° © o ° o o LY -.
e o ° .
S 110" | .° . s v P
m e LECI o °, ° « ® . ° e, ° e
o ° . . 'y ° .
§ R . o o0 o :...* .' o« . . ... h] '.o. o
@ o0 Je° '."' ° ., ° ‘e, ., eoe ® - ° g % " o® .0".
% ::3 -‘::. or3 ...' e .\ :u o "-.-:. ° o % a...g':. .': .: . ¢ :-. ° 0'.’..’. ‘.
R S L A A SR T S
0o 0% el o 8 we® L ene st b e 0 e o e, %
5000 - s PO ~$J R .'.-a' o '..'.:...'.".."-J.'.s .':"o. Ve o o ':‘? ’.".. . .:--f ]
° J ° o ® e ° . oo H % %° .
': . ::‘ -.‘o Y '..’ . “0® ...:s'.:.. l~0..-.~_:.#'.3'..‘.$g.‘....:
| | | | | | | | |

0 100 200 300 400 500 600 700 800 900 1000

e ¢ ¢ fromPAS
— autopsy

Bone Autopsy Data

3 mean(dpone) = 5.474 x 10°
104-Bq = 2.811 x 10° pCi

3
+/- stdev(dpone) = 2.967 x 10

1.
1.Bq = 2.703x 10" pCi max(Gbone) — 1900 x 10

min(abone) = 9.329 x 10°

stdev(qbone) 1

=5421x 10
mean(‘]bone)
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G:= histogram(ZOO,Qbone)

Skeleton Burden
25 I I I

Frequency

0 2000 4000 6000 8000 110 12.10* 14.10* 1610 1810° 210
pCi of Pu

4
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Appendix E
SRS

“™ Empirical Estimates of PAS Ratio

The PAS ratio is defined to be the ratio of the concentration measured with one PAS to the
concentration measured by another PAS. The PAS are typically located on the left and right lapels.
The PAS ratio is taken to be a measure of the ratio between a "true" intake and the intake indicated by a

single PAS worn on the lapel.
ORIGIN := 1 m:= 1..10000

Data from Sherry C. Hall, Comparison of Right and Left Side Lapel Sampling Results, Master’s
Thesis University of Alabama, Birmingham; April 25, 1991. Aerosol measured is nuisance dust in at a

fire extinguisher manufacturer (Site A) and an iron foundry (Site B).

10
_ 0.8548
y = 0.0137e" ™ .
o O
(7)) °
E °
[ ]
Hall (Site A)
0.1 \ ‘ ‘
3 4 5 6 7
Probits

The geometric mean PAS ratio is  The geometric standard deviation is

. 0.8548-6
by 0.0137.¢2-8%485 . . 00137
0.0137.¢78%4%°
Hg = 0984 o= 2.351

PAS = rlnorm(l,ln(l),ln(cg))l

G := histogram(200, PAS)

PAS Intake Ratio

1000 I | max(PAS) = 27.11
> min(PAS) = 0.06
§ 500 ]
g 2.58
s ngog = 8.927

—2.58
0 | I . HgOg =0.108
0 10 20 30
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PAS Ratio

5 6
Probits

The geometric mean PAS ratio is The geometric standard deviation is

Hg = 0.0332:¢

Hg = 1.083

0.6875-5

PASm = rInorm(l,In(l),In(cg))l

G := histogram(200, PAS)

Frequency

1000

500

PAS Intake Ratio

I

10

o 0.0332.e0.6875-6
0.0332-90'6875'5
og= 1.989
max(PAS) = 13.45
min(PAS) = 0.07
2.58
HgOg = 6.086
—-2.58
15 HgOg = 0.175

E-2
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10.0

1.0

PAS Ratio

0.1
3 4 5 6 7

Probits

The geometric mean PAS ratio is  The geometric standard deviation is

. 0.7239-6
ng o= 0.027.¢> 1590 . 0o27e
0.027.607395
Mg = 1.008 oq= 2062

PASm = rInorm(l,In(l),In(cg))l
G := histogram(200, PAS)

PAS Intake Ratio

1000 T T
max(PAS) = 14.62
2y .
% 500 ] min(PAS) = 0.07
L
- ug-ogz'ss = 6.522

o ...... | — L _258
5 10 15 HgOg = 0.156
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Data from R. Butterworth and J. K. Donoghue, Contribution of Activity Released from

Protective Clothing to Air Contamination Measured by Personal Air Samplers, Health
Physics (18) 319-323; 1970. Aerosol measured was uranium dust.

PAS Ratio

10.0

y = 0.0942% %%

Butterworth

0.1

T T
5 6
Probits

The geometric mean PAS ratio is

0.4924-5

Hg= 0.0942-e

ng = 1105

PASm = rlnorm(l,ln(l),ln(cg))l

G := histogram(200, PAS)

Frequency

PAS Intake Ratio

The geometric standard deviation is

400

200

o 49.60-4924:6
0.0942'60'4924‘5
Gg= 1.636
max(PAS) = 5.75
min(PAS) = 0.19
2.58
HgOg = 3.936
I - 2.58
4 6 ugog =031

E-4
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Data from Ralph F. Malek, Estimates of Inhalation Exposure to Styrene in the
Reinforced Plastic Industry: Controlling Factors and Predictive Model, Ph.D. thesis

New York University, 1993. Styrene vapors were measured.

10.0
y = 0.5208e> ™
=)
g
o 1.0 W
< (]
a
Malek
0.1 T T T
3 4 5 6
Probits

The geometric mean PAS ratio is

g = 052082000

g = 0.949

PASm = rlnorm(l,ln(l),ln(cg))l

G := histogram(200, PAS)

The geometric standard deviation is

0.5208-60'1201.6
Cpqi=

0.5208'60.12015
Og= 1.128

PAS Intake Ratio

400 T T

200

Frequency

T max(PAS) = 1.57
min(PAS) = 0.62

Mg.092.58 = 1.294
-25
Hg'9g

8_ 0.696

In all three studies, the cumulative distribution of the PAS ratios is adequately described with both
normal and lognormal distributions. A lognormal distribution was chosen over the normal
distribution because it precludes the generation of negative PAS ratios.

E-5
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Based on the above data, a geometric mean of 1.0 and a geometric standard deviation of 2.0 are
assumed for this study.

Hg'= 1

Gg.

=2

PAS__:= rinorm(1,In(1),In(2)),

G := histogram(200, PAS)

Frequency

800

600

400

200

PAS Intake Ratio

max(PAS) = 16.41

min(PAS) = 0.07

2.58

HgOg = 5.979

Hg9g

-25

8 = 0.167

E-6
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SRS Appendix F
.~/ Evaluation of USTUR Case 0259 with Uncertainties

Evaluation of USTUR Case 0259 from data presented by A. C. James et al. USTUR Case0259
Whole Body Donation: A Comprehensive Test of the Current ICRP Models for the
Behavior of Inhaled Pu238 Oxide Ceramic Particles Health Physics 84(1):2-33:2003.

Uncertainties from PAS are calculated in this worksheet.

ORIGIN=1

nCi = 37-Bq

pCi =10~

3~nCi

uCi = 10%pCi

The compartments in the model are assigned numbers to clarify their use in the arrays to be defined.

All:=1
Al2:=2
Al3:=3
TAIl:= 15
TAI2 .= 16
TAI3 = 17
S=28
blood := 32
LIV1:= 33
LIV2 := 34

bbl:= 4 BBl:=7 ET2:= 10
bb2:=5 BB2:=8 ETseq:= 11
bbseq := 6 BBseq := 9 LNet := 12
Thbl:= 18 TBB1:= 21 TET2:= 24
Thb2 := 19 TBB2 := 22 TETseq := 25
Thbbseq:= 20 TBBseq:= 23 TLNet:= 26
Sl:=29 ULI := 30 LLI:= 31
ST0:=35 CV:= 38 TV =41
ST1:= 36 CS:=39 TS:= 42
ST2 =37 CM := 40 TM:= 43

LNth = 13
ET1:= 14
TLNth := 27
OKT := 44
UP = 45
UBC := 46

nads := 47
ENV := 48
feces := 49

urine := 50

Deposition parameters calculated with LUDUC. These 1000 values assume 5 um AMAD, a

density of 10 g/cc, and light exercise.

DFET1)

DFET2
DFgp

Dbe =
DFAa|

FseB
Fspb )

O O o0 00 ooo oo

.3824307
-4117763
-2854435
.3640713
.3614031
.3513172
-4115148
-3544650
.3327872
.2299703

O O 0O 00 o oo oo

.3618683
.4768381
-3096401
.3770601
.3861653
.4606443
.5665783
.3765788
.5143833
.3362615

O O O O o o o o o o

-0215043
-0114585
-0181279
.0147265
.0118707
-0220846
-0158309
-0050744
.0092004
.0111267

O O 0O OO0 o oo oo

.0164575
.0026248
.0122373
.0030048
.0123206
.0085090
.0067313
-0052642
.0052477
.0288326

F-1

O O O O o o o o o o

-1045146
.0302902
-0555491
.0242068
.0990075
.0468516
.0294167
-0232554
.0305225
.0861704

O OO O O o o o o o

-5605827
.6252462
.6261812
.5873427
.6184139
.3974973
.5511362
-5171263
4724866
.5291479

O O OO0 o oo oo

.6211035
.6516554
-6701694
.6121804
.6778674
-4262016
-5840935
-5598844
.5001576
.6004671
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The function returns the deposition fractions in each compartment using the mth row of the LUDUC
parameter matrix. The geometric standard deviations are those given by Bolch et al, Influences of
Parameter Uncertainties within the ICRP 66 Respiratory Tract Model: Particle Deposition

Health Physics (81 (4):378-394; 2001. Any content not explicitly given has a value of zero.

DepositionFractions(m) := qOurine <0
qOAIl «— rlnorm(l,In(0.3),ln(1.10))1.D|:A|m
00,3 < 0-1-DFA|
Q0ppp < DFAIm ~ Q05 ~ q0A|3
A0ppseq < rnorm(L,In(0.007), In(1.73)) - DFpp
4O < Fsbbm.Dbem
qobbl < I:)bem B qobbseq B qObb2
40gseq < MMNOM(L,In(0.007),In(1.73)) ,-DF g _
10gg, < FSBBm'DFBBm
©ge1 DFBBm - qOBBseq ~ 40gp
0 74qq < HOM(L n(0.0005). In(1.73)) DFeTs,
qOET2 < DFEsz B qoETseq
WOprq < DFETlm
qo
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Define transfer rate constants for the respiratory tract. The geometric standard deviations are
those given by Bolch et al.

Klung(K) ==

fr < —0.1566707
sy < 0.001891
Sg < 0.000257
St <— Sg

spt < (1= fr)-(sr - )
sp < Sr - Spt

Kar1,ppy € 002

kAlz, bbl < rinorm(1, In(O.OOl),In(1.41))1

K13, ppg € finorm(1,1n(0.0001), In(1.73))

kAIS, LNth € rinorm(1, In(O.OOOOZ),In(1,41))1

Koz g1 € Mnorm(L.In(2).In(1.41))

Kob2, ga1 < "NOM(L,In(0.03),In(1.73))

kBBl,ETZ «— rlnorm(l,In(lO),In(1.22))1

kBBz, ETo € rinorm(1, In(0.03),|n(1_73))l

kET2,S « rinorm(1, In(100),In(1.73)),

kETl, ENV € rInorm(l,In(l),In(1.73))1

kETseq, LNet < rinorm(1, In(o,001)’|n(1.73))1

kBBseq, LNth rinorm(1,1n(0.01), |n(1.73))1

kbbseq, Lnih < rnorm(1,In(0.01),In(1.73))

for ie All.. LNth
for je All..LNth
Kivia, jr1a < K
Kreto.s < Ketaus
for i e All..LNth
Ki ir14 < Spt
Ki blood <~ Sp
for ie TAIL.. TLNth

Ki blood < St

F-3
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Define transfer rate constants for the systemic compartments and Gl tract. For lack of better
information, the geometric standard deviations are assumed to be equal to the constant o, which
is assumed to equal 1.001 here. This results in basically a deterministic (point) estimate of the

parameters.

Ksys1(K) =

Ksys2(K) =

Knlood, LIv1 < rinormi(1,In(0.1941), In(ct))

kblood cs < rlnorm(l,|n(o,1294),|n(a))1
)1

kblood,TS « rinorm(1,In(0.1941), In(ct))

Kolood, UBC € rinorm(1, 1n(0.0129), In(t))

)
Kotood. Up rinorm(1, In(0.00647), In(c.))

Ketood. okt < Mnorm(1,1n(0.00323) . In(at));

kblood,uu « rInorm(l,In(0.0129),In(q))l

Kolood. nads < rinorm(1, 1n(0.00023) , In(at) )

kblood,STO <« rlnorm 1,In(0.2773),|n(a 1

kblood, ST1

Kblood, T2 < MNorm 1,1n(0.0129), In(a));

k

( )
<« rInorm(l,In(0.0806),In(a))l
( )

STO, blood

kOKT,bIood “— rlnorm(l,ln(0.00139),ln a))l

KsT1.blood < rinorm(1, In(0.000475) , In

KsT2.blood < rinorm(1, 1n(0.000019) , In

kCM,bIood « rinorm(1,1n(0.0076), In(

k «— rlnorm(l,ln(0.693), In(ot))l
(

(o)1
(o)1

(X))l
« rinorm(1, In(0.0076),, In(a.))

KI'M ,blood 1

KLIv2. blood < rinorm(1, In(0.000211) , In(at))1

Knads. blood € rinorm(1, 1n(0.00029) , In(at) )

k

F-4
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ksysaK) = | kyp usc rinorm(1, 1n(0.01386) , In(at))1

ksT1.uBC < rinorm(1, In(0.000475), In(c))4

KI’S v < rInorm(l,In(0.000247),ln(a))1
Krs a1 € rinorm(1, In(0.000493), In(ct));

kes. oy < rinorm(1,1n(0.0000411)  Inet))y

Kes.om € rinorm(1, 1n(0.0000821), In(a));

KI’V ™ € rInorm(l,In(0.000493),In(a) 1

kev. om € rinorm(1, In(0.0000821),, In(c.))4

KL ive, Live € rinorm(1,1n(0.00177), In(ct));

Kivi.st < rinorm(1, In(0.000133), In(ct))4

Kusc., urine < rinorm(1,In(12) ., In(a))

k

gk = [ <1077

ks g1 ¢ rinorm(1, In(24), In(a))1

ks U1 € rinorm(1, In(6), In(c))1

P
K SI, ULI

SI,blood <~ T 1 _ f

24\ \
Ko € r'”orm(l»m(— In(a)

13) "

KLLI feces € rinorm(1, In(1), ()1

k

Calculate the total removal rate constants

total(k,2) == |K < k

for comp e 1..cols(k)

K «0
comp, comp
for je 1. cols(k)

K « K + k . if comp = j
comp, comp comp, comp comp, j

+x)

<~ —(K
comp, comp comp, comp
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This function creates a complete rate constant matrix.

RateMatrix(K) == |k < xung(K)

k « ksys1(K)
k « xsysa(K)
k < ksys3(K)
k < xgi(K)

k « total(k, 0)
k

Calculate the coefficients and rate constants for the retention functions.

coeff(k,q0) := | g0 « submatrix(q0, 1, rows(k), 1, 1)

V « eigenvecs(kT)
M <« Isolve(V,q0)
for je 1..cols(k)

for ie 1..cols(k)
Ci,j « Vi,j'Mj

rows(y)
q(t,comp,C,Y)iz Z Ccomp i

[(vi)4]

Urinary excretion data for USTUR 0259. Time t is in days and observed urinary excretion egps is

in pCi per day.

)™

AW N

76
123
150
186
209
264
283

i == 1.. rows(egps)

O O O o

0.07
0.07

0.1
0.16
0.18

- In(2)
- decay constant for Pu-238

(3203 % 10%)

a = 1.001 Gy for systemic parameters

Ty := 6532 number of days from intake to death
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This function calculates the organ burdens of interest, intake, and urinary excretion for a given vector
of initial compartment contents 0.

Results(q0) :=
N := 1000
m:=1..N

k . A
urine, urine
for ie 1..urine
for je 1..urine
k. .« 0
1,]
k « RateMatrix(k)

Y« eigenvals(kT)
C « coeff(k,q0)

BBseq ATy TBBseq
Oiung < Z q(Td,I,C,y)e + z q(Td,i,C,y)-e
i=All i=TAIl
™ - AT
Obone < Z q(Td,l,C,’Y) e ‘
i=CV

v < (0(Tg LIVL,.C.7) + q(Tg.LIV2.C.y)) e ¢

Qurine < q(Td,urine,C,y)
for je 1..rows(t)
eexpj « [q(tj,urine,c,y> - q[(tj - 1),urine,C,yﬂ~e

€exp )
Aliv

- A

Obone
Ulung
Qurine )

F-7

WSRC-MS-2003-00494



PAS Uncertainty

S. C. Hall (Comparison of Right and Left Side Label Sampling Results, Masters Thesis,UAB,
1991) compared the results of PAS measurements performed simultaneously on the left and right
lapel. A lognormal probability plot of the ratio of the left PAS measurement to the right PAS

measurement is shown below.

10.0 ¢
y= 0_027eo.7239x °
o i
g
o 1.0 -
< B
o -
0.1
3 4 5 6 7
Probits

The median ratio (geometric mean) is 1.0 and the geometric standard deviation is 2.0 (the
value at 6 probits). The ratio of the actual intake to the intake indicated by a PAS
measurement is assumed to follow the same distribution. The PAS array defined below
contains 1000 ratios drawn from this lognormal distribution.

PAS_:=rinorm(1,In(1),In(2))

G := histogram(100, PAS)

PAS Intake Ratio

max(PAS) = 8.35

min(PAS) = 0.11

Intake by Person

100 T T

Frequency

100 T T
&
c
- S
53
L
|
8 10 0o 210° 410° 610° 810° 110
Intake (pCi)
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All of the functions defined above are executed below and the results assigned to the matrix A.
Note that in Mathcad a function can return only one parameter, which may be a rather complex
matrix as in this case.

A= |for mel.N
A« Results(DepositionFractions(m)'PAS )
m m

A

To make things clearer, the relevant parts of A are assigned to matrices with more meaningful names.

Intake = 1.731 x 10° The intake indicated by the PAS

IRF = (Am)1 The 24-hour incremental urinary excretion fractions for Pu-238.

OQurine = Intake~(A ) The total amount of stable plutonium excreted to the urine
m m 5
compartment over 6532 days.

Gbone_ = Intake-(Am)3 The skeletal burdens in pCi at 6532 days after intake.

Gliv_:= Intake-(Am>2 The liver burdens in pCi at 6532 days after intake.

Olung, = Intake-(Am>4 The lung burdens in pCi at 6532 days after intake.
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Urinary Excretion
j:==1.N

i:=1.48
e = Intake:( IRF.
eXP; i ( J)

€high, = eobsi + 0-5'eobsi Elow, = eobsi - 0-5'eobsi

10 T T T T T T

Pu-238 in Urine (pli)

i — -
i -+
mie—— R
- H R
= m— g
— A B HE
l— B HE B
i —-- W
A H e HE 4

ol —
il R +

M ——
M——m-—
e
ap———— 4+

- l | 1 | | |
2 o 1000 2000 3000 4000 5000 &a00 7000

Drasy

The uncertainties in the observed urinary excretion are arbitrarily set to +/-50% of the observed
value.

G- histogram(ZOO,eexp<10>~1000)

Urinary Excretion at 283 days
100 | | | |

Frequency
A
o

0 200 400 600 800 1000
fCiPu
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Liver

The quantity quiy is the liver burden that would be calculated assuming that the intake was measured
by a PAS and is equal to Intake every time.

4 Liver Burden
8-10 | | |
6-10" |- .
.’5
=2
5 ’
€ 410" . . -
m L]
g . o .
2 . . .
210" . ’ .t oo ’
° '.'.u.n ® . % . o e ."." .- -.: .a.. ° '. ...
DT L P P S R L AR R
Sine RNTE ean L B &S0 S .r:ﬂ'.-..'-. st ep Bemt tlp e ce Ll e
; A
0 100 200 300 400 500 600 700 800 900 1000
Trial
e o * fromPAS
— autopsy
Liver Autopsy Data mean(qjiy) = 4.704 10°
3 . 3
137.Bq = 3.703 x 10° pCi stdev(qjiy) = 5.233 x 10

+/-
max(qiv) = 6.453 x 10*

4.Bq = 1.081 x 10°pCi
min(qjiy) = 1.249 x 10°

stdev(q"\,)

- 1112
mean(qjiv)
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G := histogram(200, gjiy)

Liver Burden
80 T T

Frequency

1210 14.10" 16.10* 1810 2.10°

0 2000 4000 6000 8000 1 _~104
pCi of Pu
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Lung

The quantity quung is the lung burden that would be calculated assuming that the intake was measured

by a PAS and is equal to Intake every time.

Lung Burden

1510 | : |
~ 110" -
O ]
3 ]
c .
[«5)
o
5 . - .,
M s .
(@] °
c ° e ° °
3 ° LIS
5000 [~ . . K L -

.- -..I' : ..- ) ° e ° . .‘.. -. .
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e ¢ ¢ fromPAS
— autopsy

Lung Autopsy Data mean(Qjung) = 1.114 x 10°

3
20.9-Bq = 5.649 x 10°pCi stdev(dlung) = 1.235 x 10

max(qjung) = 1.328 x 10*
min(jung) = 1.202 x 10"

stdev(q|ung)

=1.109
mean(qlung)
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G:= histogram(ZOO,QIung)

Lung Burden
60 I

Frequency

2500 3000 3500 4000

0 500 1000 1500 2000
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Skeleton (including all marrow)

The quantity Qpone IS the skeletal burden that would be calculated assuming that the intake was

measured by a PAS and is equal to Intake every time.

Skeleton Burden

1-10 T T T

Skeleton Burden (pCi)

e ¢ ¢ fromPAS
— autopsy

Bone Autopsy Data

. mean(apone) = 6.952 x 10°
104-Bq = 2.811 x 10°pCi

3
- stdev(dpone) = 7.708 x 10

1 .
LBQ=2703x 070 0 )~ ass2x 10°

min(abone) = 1.851 x 10°

stdev(qbone)

=1.109
mean(Qbone)
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G:= histogram(ZOO,Qbone)

Skeleton Burden
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Frequency

0 2000 4000 6000 8000 1-10° 12.10* 14.10* 1610 1810* 2.10°
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