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Abstract

Better information is available now on long-term particle retention in the human
lungs than there was in 1994, when the human respiratory tract model (HRTM)
was adopted by the International Comimission on Radiological Protection
(ICRP). Three recent studies are especially useful because they provide such
information for groups of people who inhaled very similar aerosols. For all three
the HRTM significantly underestimates lung retention of insoluble material.
The purpose of this work was to improve the modelling of long-term retention in
the deep lung. A simple physiologically based model developed to predict lung
and lymph node particle retention in coal miners was found to represent lung
retention in these studies adequately. Instead of the three alveolar-interstitial
(AI) compartments in the HRTM, it has an alveolar compartment which clears
to the bronchial tree and to a second compartment, representing the interstitium,
which clears only to lymph nodes. The main difference from the HRTM Al
model is that a significant fraction of the Al deposit is sequestered in the
interstitium, To obtain default parameter values for general use, the model was
fitted to data from the three recent studies, and also the experimental data used
in development of the HRTM to define particle transport from the Al region
for the first year after intake. The result of the analysis is that about 40% of
the AI deposit of insoluble particles is sequestered in the interstitium and the
remaining fraction is cleared to the ciliated airways with a half-time of about
300 days. For some long-lived radionuclides in relatively insoluble form (type
§), this increased retention increases the lung dose per unit intake by 50-100%
compared to the HRTM value.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

The human respiratory tract model (HRTM) (ICRP 1994a) has been applied to calculate
inhalation dose coefficients and bioassay functions for workers and members of the public
(ICRP 1994b, 1995, 1996, 1997). The model represents clearance of materials deposited in
the respiratory tract as a combination of particle transport to the gastro-intestinal (GI) tract and
lymph nodes, and absorption of dissolved material into the blood (except from the anterior
nasal, ETy, passage which is cleared by nose blowing). The HRTM provides particle transport
clearance rates from each compartment, which apply to all materials. The model shown
in figure | would describe the retention and clearance of a completely insoluble material.
In general there is simultaneous dissolution and absorption to blood, which depends on the
chemical form of the material, but in the HRTM it is assumed to occur at the same rate in all
the compartments except ETj.

Data from three recent studies are considered to provide better information on long-term
particle clearance from the human lung than any available when the HRTM was developed,
because they provide such information on groups of people who inhaled very similar aerosols:
(i) an experiment in which retention was followed for 900 days (Philipson et al 1996);
(ii) the 15 year follow up of a group of workers who inhaled particles containing °Co (Davis
et al 2007); and (iii) the 35 year follow up of a group of workers who inhaled plutonium
dioxide (ORAUT 2007). All show much slower clearance than the HRTM predicts. Their
results, together with those on which the HRTM was based, were used here to develop a new
compartment model of particle transport from the Al region.

The ICRP is producing documents on occupational intakes of radionuclides (OIR) which
will provide new dose coefficients and bioassay functions, and therefore an opportunity for
updating the HRTM (Bailey ef al 2007). Other recent studies also enable more reliable
parameter values to be chosen for particle transport from the extrathoracic airways (ET);
bronchial (BB) and bronchiolar (bb) regions. The Al region is addressed in this paper. However,
brief consideration is also given to the BB and bb regions in the following sections, because
assumptions made about the extent of a slow phase of clearance in them affect the analysis of
alveolar retention.

1.1. Alveolarinterstitial region

In the HRTM the Al region is represented by three compartments: Alj, Al and AL, which
mainly clear to the GI tract via the bronchial tree (figure 1). When the model was developed,
human lung clearance had been quantified in experimental studies up to about a year after
inhalation (ICRP 1994a). Over this time, retention of the initial alveolar deposit (IAD) of
insoluble particles typically follows a two-component exponential function: about 30% with
a half-time of about 30 d, and the rest with a half-time of several hundred days, giving about
50% retention at 300 d. This information was used to define the parameter values for Alj.
Measurements of activity in the chest after occupational exposure, and of material in the lungs
at autopsy, indicated that particles can be retained in the lungs for decades. However, the results
were not used to set parameter values for Al> and Az quantitatively, because it was possible
that the published in vive studies represented unusually slow lung clearance (ICRP 1994a,
paragraph E193). Instead, it was noted (ICRP 1994a, paragraph E217) that: ‘The fraction of
the AI deposit that goes to A3 (a1) is not easily quantified. Since only 50% IAD is retained at
300 d, ajy is less than 0.5. Since there is measurable thoracic retention at 5000 d after intake in
some subjects (figure E.10), a3 is likely to be at least a few per cent of the IAD. As a rounded
value it is assumed that a3 = 0.1, and, hence, by difference, that a; = 0.6,
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Figure 1, HRTM companinental model for particle transport from the human respiratory tract.
Rates {d~') shown alongsite arrows are reference values (ICRP 1994a).
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Figure 2. (a) Kuempel f af {2001} model for the gas-exchange segion of the human respiratory
tract. (b} *Equivalent” model {AJ] and ATz alveolar—interstitial region, EN: Iymph nodes).

Kuempel et al (2001} developed a simple modet of long-term lung and lymph node particle
retention (figure 2(a)) with separate alveolar and interstitial compartments, that clear to the
bronchiolar region and hilar {thoracic) lymph nodes respectively, reflecting the physiological
processes. It was applied to a group of US coal miners for whom there were exposure histories
on which to assess dust deposition rates, and autopsy measurements of lung dust concentration
(and in about S0% of cases lymph node concentration). The model was considered to be the
simplest consistent with the data, and no evidence was found for impaired clearance at high
lung loadings.

Values for the transport rates were estimated. Deposition in the alveolar region was
calculated for inhalation of particles with mass median aerodynamic diameter of 5 um, by
a reference worker (ICRP 1994a). Data from experimental human studies in the literature,
as used to definc compartment Af; in the HRTM, were used to optimise the rate mt to the
bronchiolar region. The transfer rate from the interstitium to the lymph nodes was chosen
in order to give the correct ratio for the contents of lung and lymph nodes at the end of life.
For the miners studied, Kuempel er af (2001) obtained optimised parameter values by which the
alveolar compartiment clears to the bronchiolar region (m7 = 0.001 d=1), and to the interstitium
(my = 4.7 10~* d~ 1) from which particles clear to the lymph nodes (i y = 10~% d=1). These
are described as *default’ values in the rest of this paper. The average value for the ratio of the
concentration of dust in lymph nodes [LN] to the concentration in lungs [L] evaluated with
these parameter values is [LN}/[L] = 7 at 10000 days after inhatation.

A key feature of Kuempel ef af (2001) model is that a large fraction of IAD becomes
sequestered in the interstitium, approximately my/{my -+ my). For the US coal miners about
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70% IAD is cleared from the lungs in about 4000 days, but the remaining 30% stays almost
indefinitely in the interstitium and is only slowly cleared to the lymph nodes. Kuempel et al
noted that the HRTM underestimated lung retention in the miners by about a factor of four
(Kuempel and Tran 2002). The model has been independently validated on data for UK miners
(Tran and Buchanan 2000).

We tested this AI model (for simplicity referred to as the ‘Kuempel’ model in the rest
of the paper) on the measurement data described in section 2.1, optimising the transport rates
mt and my to obtain the best fit to the in vive (whole body or lung) and in vitro (urine and
faeces) measurements. The set of linear equations shown in Kuempel et al (2001) for the
number, or mass, of dust particles in the model compartments, A (alveolar region), I (interstitial
region) and LN (lymph nodes), are also valid for the activity of the inhaled particles. For an
insoluble material and for unit TAD, the total activity in the alveolar, interstitium and lymph
nodes compartments is:

[A+1+LNJ(H) =™ + 281 — ey
m

mi mr . _ -
e + - e = Alq+ (1 — Alg)e

where m = mt~4myand Aleq = my/(mt+my). The first expression in the equation shows the
contribution from the compartments A and (f + LN) respectively, while the second expression
emphasises the fact that the total activity is the sum of the fraction A/f,q which is finally
sequestered in the interstitium and lymph nodes plus the complementary fraction 1 — Al
which clears with an overall rate m. The parameters Al.y and m, in fact, may be used to
define an equivalent model, represented in figure 2(b), to describe the overall retention in the
alveolar—interstitial region plus lymph nodes. There are, of course, differences between the
two formulations in the distribution of the material among the three compartiments at any time,
but not in the total amount (see also section 4). In the Kuempel model the default values of
these parameters are Alq = 0.32, m = 0.0015 d~!, In the following, we will often refer
to the parameters Als.q and m, instead of mt and my, because of their more intuitive role in
the interpretation of lung measurements. Their values were determined by fitting to the in vivo
data, while the transfer rate from interstitium to lymph nodes was determined independently.

1.2. Bronchial and bronchiolar regions

The HRTM includes a slow phase of clearance of particles deposited in the BB and bb regions
(figure 1): compartments BB; and bb; clear at a rate of 0.03 d™!, corresponding to a half-time
of 23 days. This is relevant here in assessing the IAD and clearance from the Al region during
the first few months after intake. In developing the HRTM, it was assumed that lung retention
at seven days after intake provides a good estimate of IAD. However, in some situations
the HRTM predicts significant retention in the BB and bb regions at seven days, and hence
clearance from these regions over the following weeks.

The results of recent volunteer studies suggest slow clearance occurs mainly in the
bronchioles (Bailey et al 2007). In particular, according to the experiments and analysis of
Falk et al (1999), lung clearance over the first six months can be described by: (i) a rapid phase
over the first day, associated with mucociliary clearance from BB and bb, (ii) an intermediate
phase with a half-time of about four days associated with a fraction of the deposit in the bb
region (25% for the conditions of the experiments) and (iii) a much slower phase associated
with the Al region. For the analyses in section 3 below it is assumed that the BB region has
only the fast clearance phase (half-time 2 h, as for BB, in the HRTM), and that the bb region
has both a fast phase (half-time 8 h, as for bb; in the HRTM) and a slow phase of four days
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(instead of 23 days as for bb; in the HRTM) with 25% of the deposit in the bb region subject
to slow clearance. For simplicity this is described as the ‘Falk’ mode!l in the rest of this paper.

1.3. Transfer to lymph nodes

In the HRTM (figure 1), the rate of transfer to the thoracic lymph nodes (LNyy) from the
Al region was set at 0.00002 ¢~ in order to give a concentration ratio [LNY/IL] = 20 at
10 000 days after intake, as observed in autopsy studies of non-smokers (Kathren er al 1993).
Allowance was first made for transfer from the BB and bb regions. A small fraction of the
material deposited there {(0.7%) was assumed to be sequestered in the airway wall, and from
there transported to L Nry at 2 rate of 0.01 d~1, These parameter values were based on studies in
rats, the only species for which it was known to be quantified. New values for these parameters
were proposed by Bailey ef af (1997) based on experiments by Takahashi er af {1993) in dogs
and monkeys: the fractions going to BBy and bbg, are reduced to 0.05% and the clearance
rates from BBgq and bbgy to LNty reduced to 0,001 d™!. These changes were applied in
the analyses here (section 3) but do not significantly affect the results. However, they reduce
the amount of material cleared to LNp; from BB and bb., Changes to the values of these
paramieters were included in calculating the rate from the Al region to the LNy to give the
correct concentration ratio [LN]/{L] for the proposed new Al model.

2. Materials and methods

2.1, Datasets

Philipson et af (1996) followed lung retention in 10 volunteers for about 900 days after
inhalation of "3Au-labelled Teflon particles. The monodisperse aerosol (mean geometric
diameter = 3.6 pum, AMAD = 5.3 um and geometric standard deviation = 1.07) was inhaled
at a flow rate of 1.8 m® h™! (breathing or ventilation rate of 0.9 m* h™!). The material was
extremely insoluble: the leakage of ' Au from particles in water was less than 0.2% in one
year, which corresponds to a dissolution rate of s < 6 x 107% d~!, Therefore, absorption
to blood should not play an important role in lung clearance, Lung retention was followed
for 900 days with two different detector systems (Nal and Ge). Activity measurements in
faeces are also available at times over this period. The lung measurements started seven days
after inhalation and are reported for each subject, as single exponential functions over each of
two periods: 7-250 days and 250-900 days. These values represent the lung retention after
correction for radioactive decay. There was a significant difference hetween the lung retention
estimated from measurements obtained with the Nal and Ge delectors for the period 250-
900 days, but measurements obtained with the system of Nal detectors were in good agreement
with the faccal measurements and were chosen here for the analysis of lung retention. The
lower activities measured with the Ge detector systems were attributed to its higher sensitivity
to the focation of the activity source and to translocation of material from lungs to Iymph nodes
during the measurement period.

A contamination incident in which seven workers had a simultaneous inhalation of very
insoluble partictes containing *°Co (haif-fife 1924 days), provided a dataset which is reasonable
to assume to be representative for nuclear industry workers. Whole body measurements were
carried out over a period of 15 years and early urine and faecal data are available for each
individual. An analysis of the results was published by Davis ef af (2007). Data for each case
can also be found in the IDEAS Internal Contamination database (Hurtgen ef af 2007) as cases
227-233,
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Cases of accidental intake of plutonium oxides at the Rocky Flats Plant (RFP) show long-
term lung retention of plutonium which exceeds that predicted by the ICRP respiratory tract
model for insoluble (type S) material. Nine cases were analysed here, which were considered
in a previous study based on lung measurements and reported in a National Institute for
Occupational Safety and Health (NIOSH) Technical Document (ORAUT 2007). In addition
to the lung measurements, data for plutonium activity in urine were provided by NIOSH
and are included in the present analyses. For all cases, lung measurements were based
on the 60 keV photon peak of *'Am. Given the isotopic composition of the plutonium,
based on the general mixture of plutonium handled at RFP, the count rate data were then
converted to plutonium activity. The errors on the measurements were reported to be normally
distributed with a standard deviation of about 30% of the measured value for most of the
cases. This value is similar to the value recommended by the IDEAS Guidelines for in vivo
measurements with photon energies in the range 20 keV < E < 100 keV. Decorporation
therapy with DTPA (diethylene triamine pentaacetic acid) was initially applied to the first
contaminated cases but was discontinued and not used on the other cases because it did
not enhance plutonium excretion in the urine, probably because of the low solubility of the
material.

Six of the RFP cases were exposed to plutonium from a fire in October 1965 (Mann and
Kirchner 1967). The plutonium consisted of ‘high-fired’ PuO;. Particle size measurements
of air samples indicated a mass median diameter of 0.32 pum with a geometric standard
deviation of 1.83. The corresponding AMAD is about 1 um, given a particle density of
P = 115 gem™, (dye = d+/pum/X, using a shape factor x = 1.5). The amount of
21 Am in the mixture was measured late in the day of the fire and is 1830 parts-per-million
(ppm) by mass. The ratio of the activity of 2*'Pu to the alpha activity of the other plutonium
isotopes is 5.1. For the other three cases there was no specific information on the particle
size and the default AMAD of 5 pum was assumed. Measurements are available for up to 30
years.

2.2, Methods

2.2.1, Calculation of deposition.  For the Teflon and PuO; studies, reported information on
the aerosol size distribution was used with the HRTM deposition model to calculate fractional
deposition of inhaled material in each region. For the cobalt-60 study, no direct measurement
of the aerosol particle size was available. However, measurements of early faecal excretion
and whole body retention enabled the ‘effective AMAD’ (ICRP 2002, Marsh et al 2008) to
be calculated. The ratio of faecal excretion in the first few days to the initial lung activity
reflects deposition in the upper and lower respiratory tracts, and over a wide size range increases
with increasing AMAD. The ‘effective AMAD’ is the value of AMAD which gives the ratio
observed, for a given breathing rate (BR, here taken to be 1.2 m* h™!). For this study it was
calculated from the early cumulative faecal data (+ < 72 h) and the whole body measurement
at t+ = 10 days. For an insoluble material, these quantities are good approximations to the
amounts deposited in the upper and lower respiratory tract respectively. The lung deposition
was calculated with LUDEP (Jarvis and Birchall 1994).

2.2.2.  Calculation of retention.  Available experimental data consist of time-series
measurements of activity in lung or whole body, and also of activity excreted in urine and/or
faeces for each subject. Therefore, to compare the model prediction with all the available
data, both the lung model and the biokinetic model for systemic tissues must be solved to
estimate the initial intake. The systemic models for cobalt (8°Co) and plutonium (***Pu) are



Modelling particle retention in the Al region of the lungs 497

provided by ICRP publications (ICRP 1993) and Leggett er al (2005) respectively, while the
HRTM was modified as follows: the Falk model (section 1.2) was adopted for the bronchial
(BB) and brenchiolar (bb) regions and the Kuempel model structure (section 1.1) for the Al
region. Before solving the model, assumptions or estimates of physical-chemical properties
of the inhaled material (particle size, solubility) had to be made where no direct information
was provided. These are discussed in section 3 for each cohort. The measurement errors,
unless provided, were estimated following the IDEAS guidelines (Doerfel er al 2006). With
a chosen model, i.e., with fixed values for its parameters, the unknown intake was estimated
with the maximum-likelihood (ML) method, assuming normal or lognormal distributions for
the measurement errors. This method was chosen because of the presence of data below the
lower limit of detection (<LLD) (see appendix A); it is numerically equivalent to using the
least squares (L.S) method when there are no <LLD measurements, as was the case except for
a small per cent of data within the *Co cohort. The lung 4 biokinetic model was solved as an
eigenvalue problem (Polig 2001, Fell et al 2007) using the software GNU-Octave (Eaton 2002)
and IMBA (Birchall ef al 2007) was used as benchmark for the in vivo and bioassay predictions.

2.2.3. Maximum-likelihood parameter estimation. To obtain the best fit to the data, the
model parameters were optimised by using the Levenberg-Marquardt (LM) method (Press ef al
2007). This algorithm is often chosen as a reliable and powerful method to find the minimum
(or maximum) of non-linear functions. Here the maximum of the log-likelihood was needed
as a function of the model parameters conditional on the observed data log[L(p|x)]. This
optimisation procedure was applied to each of the subjects of a given cohort. The LM method
also incorporates the possibility to estimate the covariance matrix X, of the parameters, which
is regularly used in multiple linear regression to evaluate the parameter confidence regions
(Draper and Smith 1998). In the more general case of non-linear regression, the parameter
covariance matrix estimated by linearising the model around py,c provides an approximation
for the parameters’ variance, correlation coefficients and confidence regions. Further details on
the optimisation procedure are given in appendix B.

2.2.4. Posterior distribution estimation. The parameter uncertainties for the whole cohort
were also analysed within a Bayesian framework. This required determination for each subject
of the posterior distribution function, defined as the product of the likelihood function L(p|x)
and the parameter prior distribution function m (p). By adding the posterior distributions of each
subject, i.e. by giving all the subjects the same weight, we obtained the posterior distribution
for the whole cohort, which is a joint N-dimensional probability density function (PDF) for the
N parameters. Two ways were followed to determine the likelihood function for each subject:
a simple analytical approximation (multivariate normal distribution) and the exact mapping in
the parameter space. The ML-LM (maximum likelihood-Levenberg Marquardt) procedure is
computationally very efficient and does not require excessive computer memory or time but
the accuracy of the approximated parameter likelihood function (and posterior distribution)
generally depends on the number of data available and on how adequately the model describes
the system. To obtain a more accurate solution, compared to the multinormal approximation,
it is necessary to map the likelihood function in the parameter space. This could become
computationally very expensive and usually one resorts to Monte Carlo methods (Miller et al
2002, Puncher and Birchall 2008) to calculate the main statistics (mean and moments of higher
order). Given that we optimised not more than four parameters simultaneously, and that in most
cases the ML-LM solution fitted the data very well, we have mapped the likelihood function
selecting the points on a Cartesian grid in a guided way. Further details on the determination of
the posterior distribution are given in appendix B.



498

D Gregoratto ef gl

3. Results

Table 1. Lung reteation {%) with respect to the retention at day seven. Experimental data
{Exp) and retention predicted by the HRTM for the material and inkalation parmenelers used in
the Philipsen ef af (1996) study are shown: fung retention for the default HRTM (L2}, with
maodified bronchiolar clearance (L-modl1) and also with optinised Al distribution fractions (L.-
mod2). In addition, alveolar reteation for the default HRTM with initial deposition in the atveolar
compartments only is shown (Al /A7)

t{d) Exp Ledef AffAlL.; L-modl L-mod2
50 96+ 2 16 82 80 G5

100 9244 64 71 70 93

300 7849 50 57 55 82

900 6313 31 35 34 60

Fable 2. Experimental values {Davis et af 2007) for whole body (WB) retention (%) at different
times, The mean value (excluding <LLD data) and standard deviation for the seven subjects are
shown., The data have been cerrected for the effect of radioactive decay (-d) and also absorption
{~da). The last two columns show the retention in the lungs and in the Al region as predicted by
the HRTM for the insoluble material and inhalation parameters described in the text. Al retention
values are compared 10 the retention at seven days after inhalation (100%).

t{d) WBd WB-da  Lungs Af/Al.

56 98+17 98417 76 82
180 82421 82421 65 71
300 Bkl T3 O51 57
900 58419 60+19 31 35

3000 S0+10 54412 9 10
5000 43+ 10 47%10 6 &

Table 3. Experimental values for Jung retention (%) at different times. The mean value (and
standard deviation) for the six subjects of the REP cohort ase shown, with correction for the effect
of radioactive decay (-d) and also absorption (-da). The last twe cokumns show the retention in
the lungs and in the AT region as predicted by the HRTM for the insoluble material and inhatation
parameters desceibed in the text. AH retention values are compared to retention at seven days after
inhalation (100%).

1 {d) Lungs-d Lungs-da Lungs Al/Ab.;

50 9022 90+22 76 81
100 715£23 75423 65 71
30 53417 53+ 18 51 56
900 36+£13 36413 31 34

3000 2017 30x17 9 10
5000 27422 274N 5 6
10000 25418 26418 2 3

The Philipson et af (1946) data are limited to measurements up to 900 days (table 1) and may
be used to assess the medium-term clearnce, namely for the BB and bb regions and for the
short-term alveolar clearance (compartment Al in the HRTM). The Davis ez af (2007) and
the RFP data, which extend to up to 15 and 30 years (tables 2 and 3), are decisive for the
analyses of long-term retention, namely, for the distribution fractions and for the transport rates
out of the HRTM compariments AL and Ak in the HRTM. Changes to the model for the Al
region can also be addressed by reconsidering the structure of the linear niodel as proposed by
Kuempel et af (2001). The Philipson &f af (1996) data were examined with both the HRTM and
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Kuempel structure for the AI model while the Davis ef af (2007) and the Rocky Flats Plant data
were analysed only with the Kuempel AI model. Because no ¢lear conclusion could be reached
about a possible correlation between smoking habit and the slow clearance rates, the resulits are
reported for each cohort as a whole, without distinguishing between smokers and non-smokers,

The HRTM assumes that there is simultaneous absorption to body fluids of material from
all the compartments except ETy. Time-dependent dissolution is represented by a fraction
(f:) that dissolves relatively rapidly, at a rate s, and the complementary fraction {1 — f;) that
dissolves more slowly, at a rate 5. (It is usually assumed that uptake of the dissolved material
into blood is instantaneous, but there is provision for slower uptake using compartments
representing dissolved material ‘bound’ to respiratory tract tissues.) In the following we will
often refer to lung data corrected for decay and absorption to blood:

corrected data(t) = measured data(r) W

exp(—A}[feexp(—sdt) + (1 — fi) exp(—si1}]

where A is the radioactive decay rate. It is often convenient to look at the corrected data both
because the effect of transport clearance is emphasised and because it is possible to set an upper
limit to the slow dissolution rate 5, even in the absence of urine data, if lung (or whole body)
measureinents at sufficiently long times are available. In fact, if the corrected lung data show
a clear increasing trend in the long term then the absorption rate s; has been overestimated
or there is an inconsistency between lung and urine data, For an insoluble material, these
considerations are also valid when whole body instead of lung measurements are available
because there is no significant difference between the whole body and lung retention once the
initial fast clearance phase has terminated, a few days after the acute inhalation.

3.1 Philipson et al {1996)

Table 1 shows the mean values of the measured lung retention, as a percentage of the material
present seven days after inhalation, for the set of ten subjects. The values were determined
here using the reported exponential fits to the lung retention measurements obtained with the
Nal detector system. These are higher than those observed in previous studies {(ICRP 1994a,
1994b), possibly (at least partly} because of the lower solubility of the material used in this
study. The errors shown are the standard deviations for the sample of ten subjects, with the
value at £ = 7 days assunied to be zero. Table | also shows the lung retention (L-def) in healthy
non-smokers as predicted by the HRTM for an insoluble material (f; = 0 and s; = 0 4™},
Deposition in each of the lung compartiments, figure 1, was calculated with LUDEP (Jarvis
and Birchall 1994} for particle and inhalation parameters specific o the Phitipson study. The
calculation of deposition requires the breathing rate, the respiratory frequency and the fraction
breathed through the nose. Philipson ef af reported that the acrosol was inbaled at 0.9 m® h™'.
We assumed a low frequency of six breaths per minute, and mouth breathing only. The relative
deposition fractions for Al and (BB + bb) are 61% and 39% respectively, Note that the value
of AT/(AI+BB 4 bb) is not sensitive to variations in the respiratory frequency, Table | shows
that the retention predicted by the HRTM (L-def) clearly underestimates the experimental
results (Exp). The HRTM predicts that seven days after the inhalation, 12% of the remaining
material is lefl in the bronchial tree and 88% in the Al region. After 50 days only about 5%
of the deposit at day seven was cleared in the experiment, while the model predicts that 25%
would have cleared: 9% from the bronchial tree and 16% from the Al region, each more than
that observed. Even assuming that after seven days, 100% of the lung content is in the AJ
compartments, the observed retention is higher than predicted (Af/AL_7). This indicates an
inconsistency between the experimental results and the assumptions in the HRTM model for
compartmment Aly: 30% of the AT content clearing with a half-time of 35 days. Additionally,
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Figure 3. Lung retention from Philipson er af data (Exp) and un-weighted LS fit with the HRTM
(thin lines) and Kuempel (thick lines) models. The HRTM predictions for the default model (L-
def), with modified (Falk model) bronchiolar clearance (L-mod1) and also with optimal alveolar
deposition (L-mod2) are shown, The Kuempel model predictions with default (def) and optimised
parameters (mod) are shown (modified bronchiolar clearance is also assumed).

even assuming no clearance from the Al region, the HRTM predicts more clearance from the
bronchial tree than observed from the lungs here.

To improve the agreement with the measurements, the HRTM was first modified by
changes to BB and bb regions (Falk model). The fraction of material left in BB and bb after
seven days was then 2% of the lung content at day seven, while the remaining 98% resides in
the AL The difference between the theoretical (L-mod1) and experimental lung retention was
reduced but a discrepancy was still evident. To account for the longer retention, the model for
the Al region was modified in addition to those for the BB and bb regions. To reduce the lung
clearance, the initial distribution between the compartments was varied from the default values,
(a; = 0.3, az = 0.6, a3 = 0.1), while the clearance rates were fixed at their default HRTM
values. The optimal values for the distribution fractions, obtained with the un-weighted LS
method, are (a; = 0, a; = 0.6, a3 = 0.4) and the predicted retention (L-mod2) is shown in
table 1.

Similarly good results were also obtained with the Kuempel AI model with optimised
parameters. As before, a better fit to the data was obtained with the Falk model for the BB
and bb regions than with the HRTM. The data from the Philipson study do not allow direct
estimation of the sequestered fraction in the Al region because the measurements stopped after
900 days, before any sign of a plateau, but it is plausible to assume that A L, would eventually
have been <0.60. The optimised parameters are m = (1.7 + 0.3) x 1072 d~! and a strongly
correlated (o = 0.96) value Al.q = 0.54 & 0.05. Figure 3 shows the experimental data and
the predictions of the HRTM and Kuempel ef al (2001) models with default and optimised
parameter values.

Four subjects were non-smokers, three ex-smokers (<28 pack-years) and three smokers
(>30 pack-years). The retention at 900 days, with respect to that at day seven, is higher for the
smokers (72 & 11%), compared to the ex-smokers (59 & 9%) and the non-smokers (59 &+ 11%),
suggesting slower alveolar clearance rate in the smokers.

Because the Kuempel model provided an adequate fit to these data and is both simpler, and
physiologically more realistic than the HRTM, it was adopted in the analyses of both the ®°Co
and 2Pu data.
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3.2, Davis et al (2007)

Deposition was calculated using the estimated effective AMAD. Values for individual workers
were calculated to be 0.9, 0.3, 0.3, 0.6, 0.4, 0.3 and 0.3 pin. At these sizes the deposition
distribution is insensitive to the breathing rate, which implies that the effective AMAD should
be a good estimate of the physical AMAD. The mean value for the group of workers was
0.4 pm and a significant fraction, about 40%, of the material deposited in the respiratory
tract, would be located in the alveolar region. Table 2 shows the mean value and standard
deviation of the measured whole body retention fractions with respect to the value at day seven
at different times and for the set of seven subjects. (Because the material was very insoluble,
and most cobalt entering the systemic circulation is rapidly excreted in urine, after the first few
days whole body retention approximates closely to lung retention.) The data for each subject
were linearly interpolated at the selected times and corrected (equation {1)) for the effect of
radioactive decay and absorption to blood, with f; and s; as estimated with the best fit to each
individual’s experimental data {table B.1(a)}). By comparing the experimental data and the
predicted values for an insoluble material (also shown in table 2) it is clear that the HRTM
underestimates the lung retention.

In order to obtain good fits to the data it was necessary to modify the default HRTM
parameter values, in particular we had to reduce the particle transport clearance of material
from the Al region. Each of the seven cases was analysed individually here by using the
ICRP systemic model for cobalt (ICRP 1993) and a new lung model obtained by modifying
the HRTM. The modifications consisted of the Falk model for the BB and bb regions (although
that has little effect because of the low predicted deposition in these regions) and the Kuempel
model structure for the Al region. The measurement errors were assumed to be lognormally
distributed with scattering factors (approximate geometric standard deviations, which aim to
include all sources of error) equal to 1.2, 1.8 and 3, for the whole body, urine and faecal data
respectively (Doerfel ef af 2006).

3.2.1. Parameter and posterior distribution estimates.  In order to obtain the best fit to the
data, values of the lung absorption parameters f; and s,, and the particle transport parameters
Al and m for the Al region were optimised by fitting the whole body, urine and faecal data
for six subjects in the Davis et af (2007) study. A seventh case, included in Davis’ study,
was also analysed but it was not possible to reach any conclusive estimate of the transport
parameters (In this case the two parameters Afiq and m are completely comelated, p = 1,
and the sequestration fraction can take any value within the range [0, 1] consistently with the
experimental data.) The rapid dissolution rate was kept to its default value, s, = 100 d™!,
the bioassay prediction being insensitive to this parameter because of the low solubility of the
material, In Pavis et af (2007), the fractional uptake of material from the smal intestine to
the blood, fi, was estimated to be lower than the default value for cobalt, because of the low
urinary excretion. We adopted the same approach by constraining its value to be the same as
for the rapid fraction absorbed to bloed, f; = f.. Because the subjects were given a laxative
we allowed, as in Davis et af (2007), the rates of transit in the GI tract to be larger than the
default value up to a factor of 2.5, when this improved the fit to the faecal data.

Each case in the cohort was analysed first by using the maximum-likelihood method with
the Levenberg-Marqguardt algorithm (ML-LM) method described in section 2.2.3. Results of
the parameter optimisation for each subject are shown in appendix B, table B.t, The whole
cohort mean values for the sequestered fraction and the clearance rate are Afq = 0.4 £ 0.2
and m == 0.002 £ 0.003 d~'. The standard deviations shown give a rough estimate of
the large differences in parameter values between subjects. To better estimate the inter-
subject variability, the whole cohort PDF (probability distribution function} for each parameter
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Figure 4. Marginal ID distribution functions for the estimated transport parameter Alseq from
the exact likelihood function for the group of six workers involved in the ®°Co incident. The
whole cohort marginal distributions (solid line) with peak value normalised to one and the marginal
distributions for each of the subjects (dashed lines) are shown. The median value and the 68%
central probability interval for the whole cohort are identified by the vertical lines.

was calculated. As described in section 2.2.4, the whole cohort PDF may be obtained by
summing each subject’s PDF calculated either with the ML-LM method (approximate PDF)
or by calculating the exact PDF, Figure 4 shows the exact PDF for the particle transport
parameter A lyq, both for the whole cohort and also for each subject. The main statistics of the
parameter's PDF are summarised in table B.2(a). The inter-subject variability may be expressed
by 68% probability ranges (0.35-0.76) for Al and (0.0006-0.01) d~' for m. The exact
PDFs for the two transport parameters can be approximated by two lognormal distributions
Algq ~ LN(0.5,1.5) andm ~ LN(0.003, 4).

Three of the subjects were non-smokers (cases 4-6) and three were smokers (cases 1-3;
cigarettes smoked: 10, 20, 20 per day). The transfer rate m was, on average, lower in the
smokers and this leads to higher retention in the first years. On the other hand, the sequestered
fraction is higher in non-smokers and this implies that the retention is higher for the non-
smokers in the long term. The relatively small number of cases analysed does not allow a
definitive conclusion about the effects of smoking on lung retention.

3.3. Rocky Flats Plant

Table 3 shows mean values and standard deviations of the measured lung retention fractions
at different times with respect to the value at day seven for the set of six subjects. The values
were obtained with the same procedure as for the cobalt cases (section 3.2) except that for
three cases extrapolation at early times also had to be used. Note that the corrections for the
effects of both radioactive decay and absorption are very small. The long-term trend in the
lung measurements (Lungs-d) is a clear indication that both clearance mechanisms, particle
transport and absorption, are very weak. The overall clearance rate can be roughly estimated
to be of the order of 1075 d~! or less for all cases and may be considered an upper limit for
both the slowest AI transport rate and the slow absorption rate to blood. This suggests that the
slowest transport rate for the lungs should at least be reduced by a factor of 10 in the HRTM.
For the Kuempel model, where a fraction of the deposited material is sequestered in the lungs
(and lymph nodes), the long-termn trend in the lung measurements implies a value of the order
of 1073 d~! for the slow dissolution rate s for this material. A rough estimate of the fraction
of material sequestered in the interstitium is A I;.q = 20-30%.
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Each of the six RFP cases contaminated in the 1965 fire accident was analysed individually
following the same procedure as for the cobalt cases described in section 3.2. The rapid
dissolution rate was kept to its default value, s, = 100 d~!, because its value has little effect on
the estimated long-term clearance rates. The possible existence of a bound state for plutonium
(ICRP 2002, Khokhryakov et al 2005, James et al 2007) was neglected in this analysis, for
simplicity. Since the material appears to be of very low solubility it is likely that very little of
the plutonium in the lungs had the potential to be in the ‘bound state’ compartiments.

3.3.1. Parameter and posterior distribution estimates. The analysis follows the same steps
as for the cobalt cohort. The results of the ML-LM optimisation for each subject are shown
in table B.1(b). The sequestered fraction was confirmed to indicate longer retention than the
HRTM predicts but the whole cohort mean value of Al.q = 0.3 was lower than for the cobalt
cohort. Differences in parameter values between subjects were also significant within this
cohort. The analysis of the whole cohort exact PDF (results are summarised in table B.2(b))
shows that the 68% probability ranges representing the inter-subject variability are (0.19-0.65)
for Aliq and (0.0008-0.065) d~! for m. The whole cohort exact PDFs may be approximated by
two lognormal distributions: A/l ~ LN(0.27,1.6) and m ~ LN(0.0023, 3). Uncertainties
in the content of **' Am and **'Pu in the inhaled aerosol may atfect the estimates of the lung
clearance parameters. For instance, over(under)estimates of about 50% in either of the two
concentrations would results in under(over)estimates of the sequestered fraction of about 25%.

Based on the information about the smoking habits of the subjects (subjects 2 and 3 are
non-smokers; 4 is a heavy smoker; 1, 5 and 6 are ex-smokers, 0.5-1 pack/day for different
periods), no correlation was found with the estimated particle transport parameters.

The additional three RFP cases included in the NIOSH report (ORAUT 2007), not part
of the set of six cases involved in the same incident analysed here, also show longer lung
retention for insoluble plutonium than the HRTM predicts and the estimated values for the
particle transport parameters are close to those obtained above for the other RFP cases. The
mean value for the three ML estimates are A/eq = 0.254:0.04 and m = 0.0011 4:0.0003 d-L

3.4. Analysis of complete dataset

In this section the cobalt and plutonium results are merged and analysed first and then the
Philipson et al (1996) data and the results which were the basis for the present HRTM are
included to estimate the best values for the particle transport clearance parameters for the new
Al model. To complete the model description the particle transport rate to the lymph nodes is
also determined.

3.4.1. Analysis of the cobalt-60 and Rocky Flats Plant cases. We report here only the
results obtained by merging the exact parameter posterior distributions of the 12 %°Co and RFP
subjects. The most important information extracted from these two datasets is the estimates
of the sequestered fraction and of the inter-subject variability for all four transport parameters.
The Philipson and previous experiments on which the HRTM is based are unlikely to influence
the estimate of Al.q but they will play a role in the estimation of the clearance rate m which is
determined mostly by data in the range 100-1000 days. Figures 5(a) and (b) show the posterior
distribution for Al,, and m and the approximating lognormal distribution obtained by fitting
the corresponding cumulative posterior. Median values are Alq = 0.39 and m = 0.003d"".
The distributions for the model parameters my and m+r, shown in figures 5(c) and (d), are
obtained by using random sampling from the joint posterior distribution of A, and m. Median
values are my = 0.0012 d~! and m; = 0.0011 d~!. The 68% central probability intervals
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Figure 5. Marginal 1D distribution functions for the estimated transport parameters A I (), 1 (b),
my (c) and m (d) for the Co-60 and RFP cohorts. The whole cohort marginal distribution (solid) is
calculated from the exact posterior and its lognormal approximation (dashed).

representing inter-subject variability for these parameters are given in table 4. The geometric
standard deviations of the approximating lognormal distribution (table 4) is an alternative way,
and here only approximate, to define the same interval. Note that even though the correlation
between Aliq and m resulting from the fitting procedure was significant in many subjects, the
correlation coefficient is low, p = 0.26, when calculated with the whole °Co and RFP cohort
distribution.

3.4.2. Analysis of ‘new’ and ICRP Publication 66 data. The parameters for the new Al model
were estimated from a dataset which includes data presented in the previous sections plus data
reported in annex E of ICRP (1994a) and based on experimental work by Jammet ef al (1978),
Bohning er al (1982) and Bailey er al (1985).

In order to use the different datasets in the fitting procedure consistently, we assumed that
after seven days there is only material left in the AI region. To produce a representative set
of points for both the ®®Co and RFP cohorts a few transformations of the data were required.
Data for cach subject were first corrected for the effects of radioactive decay and absorption
and normalised to the value at day seven. The values for the absorption parameters that were
estimated in the previous sections are given in table B.1. In a few of the cases, the value at day
seven had to be extrapolated because there were no early data. The data were then interpolated
to the same set of time points and finally averaged with the same weight for each cohort. Values
were computed at r = 50, 100, 300, 900 for consistency with the other datasets (ICRP 1994a,
1994b) and Philipson et al 1996 and from t = 2000 onwards with time steps of 1000 days.

All the datasets are shown in figure 6 together with the predictions of the HRTM and
Kuempel er al (2001) models with default parameters. An un-weighted least squares fit to
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Figure 6. Measured lung retention data (Philipson et al (1996), Davis et al (2007), RFP (ORAUT
2007) studies and studies reported in annex E, ICRP 1994a) are shown together with the model
predictions by assuming initial deposition in the alveolar region only. Predictions of both the HRTM
and Kuempel et al (2001) model with default parameter values are shown. The "New Model’ curve
was obtained with optimised Al particle transport parameters Alq = 0.37 andm = 0.0027d~".

Table 4. Best fit (for averaged data) values and inter-subject variability for the particle transport
parameters Alseq, m, my and my. Central 68% probability intervals (inter-subject variability) -
are calculated from the exact posterior of the merged *Co-RFP cohort. LN(—, —) indicate the
approximating lognormal distribution.

Inter-subject variability

Best fit  68% probab. interval  Distribution

Aleq 0.37 0.2-0.7 LN(0.38,1.9)
m103d~h 27 0.8-9 LN(2.6,3.4)
i (1073d~Y 1.0 0.2-4 LN(1.0,4.5)
mr (1072d~H) 17 0.4-4 LN(1.3,3.2)

the experimental retention data using the new Al model gave the optimised parameter values
Algq = 0.37 for the sequestered fraction and m = 0.0027 d~' (half-time of about 250 days) for
the clearance rate from the alveolar compartment. In this case, the parameter covariance matrix
and the complete likelihood function in the two-dimensional parameter space give almost
exactly the same answer: the uncertainty on the best fit parameter values is described by a
normal distribution N (0.37, 0.025) for A I.q and a lognormal distribution LN (0.0027, 1.2) for
m. Note that the error given is the uncertainty on the best fit value and is much smaller than
the inter-subject variability for the cohorts we have analysed. It was also found that the best fit
parameters are correlated with a correlation coefficient p = 0.5.

Equivalently, the best estimates for the transfer rates from the alveolar compartment to the
interstitium and to the bronchiolar region to be used in the new model are m; = 0.0010 d~! and
mt = 0.0017 d~', respectively. The uncertainty on the best estimates of these parameters is
represented by two lognormal distributions: my ~ LN(0.001, 1.3) and mt ~ LN(0.0017, 1.2)
and the correlation coefficient is p = 0.9,

The values for the transport parameters Al.q and m here estimated as best fit value for the
averaged data are very close to the values obtained previously as median values for the set of
12 subjects of the merged %°Co and RFP cohort, Table 4 summarises the results for both the
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best parameter values obtained from fitting the averaged data (each cohort is represented by the
average retention data) and the inter-subject variability. The latter is based on the information
from each subjects analysis for the merged ®°Co and RFP cohorts. Both the 68% central
probability interval and the approximating lognormal distribution which best fits the cumulative
distribution are given.

3.5. Clearance to thoracic lymph nodes

In the HRTM the transport rate from the Al region to the thoracic lymph nodes, maj_1n =
2 x 107 d™', was determined to give the ratio of material concentration in lymph nodes and
lungs equal to the value estimated from autopsy data: for non-smokers [LN]/[L] = 20 after
10000 days (Kathren er al 1993).

Because of the longer Al retention in the new model, the amount cleared to the lymph
nodes from the airway walls (BB.q and bby,,) is now negligible compared to that from the Al
region. The same value for [LN]/[L] is obtained either with or without considering clearance
from the BB;.q and bbg,q compartments. The ratio [LN]/[L] & 20 is obtained with the value
mar_ixy = 3 x 1073 d! for the transport rate from the alveolar interstitium to the thoracic
lymph nodes.

4. Discussion

The measurements analysed here show a clear inconsistency with the long-term retention in
the lungs predicted by the HRTM. The data could be represented by modifying the parameter
values of the HRTM without changing its structure (as done in Davis ef al (2007) for the ®Co
cases), but the predictions of the proposed new Al model are equally consistent. In the latter,
the material is deposited in the alveolar compartment, and transfers to the bronchiolar region
and to the interstitium at rates ma_y, = mt = 0.0017 d~! and ma_; = m; = 0.0010 d~'.
The observed lung retention can be represented by the HRTM by modifying its parameter
values but without changing its structure: Al = (0, 0.63,0.37) for the initial distribution
and man_py = Man—ws = 0 and map_p, = 0.0027 d~, i.e., without introducing transfer
of material between Al compartments (this alternative formulation is used in the next section
for the calculation of the dose to the lung). The predictions for retention in lung plus lymph
nodes are exactly the same for the two models while the predicted ratio of lymph nodes to lung
concentration as a function of time differs only slightly. The two values can be made equal only
at one arbitrarily fixed time point (for instance at 10 000 days). With mar_1x = 3 x 1075 d~7,
the two different formulations give, in any case, very similar values for [LN]/[L], 22 and 23
for the Kuempel and the modified HRTM model respectively, well within the experimental
uncertainty. However, compared to the HRTM, the Kuempel model is biologically more
realistic in representing the clearance of insoluble particles in the human lungs and simpler
(only two instead of three compartments for the AI region and only two instead of five
parameters to be defined). Clearance mechanisms from the Al region are complex and not
completely understood (ICRP 1994a). A list, which includes alveolar macrophages (AM)-
mediated transport and free-particle transport on and through the alveolar epithelium, is
given by Kreyling and Scheuch (2000). However, it is recognised that the most important
clearance pathways, as assumed by Kuempel ef al (2001), are transport mediated by alveolar
macrophages toward the ciliated airways and transport to the interstitium for the remaining
particles, Particles that reach the ciliated airways will gain access to the mucociliary escalator
and be removed from the body via the GI tract, while the remaining particles are translocated
within the lungs into the interstitial spaces and eventually transported to the regional lymph
nodes.
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There is also evidence (Kreyling and Scheuch 2000) that phagocytosis by AM is more
active for particle diameters in the range 0.5-2 pum, whereas smaller particles can be directly
interstitialised (frec-particle transport). For both the ®Co and the PuO; cases the inhaled
aerosols are characterised by a relatively small mass median diameter of 0.3 um. (For the
PuO,, the measured mass median diameter was 0.32 zem (section 2.1). For the °Co, the AMAD
was estimated to be 0.4 pem (section 3.2). Assuming ICRP default aerosol values for particle
density and shape factor, p,, = 3 gem™ and x = 1.5 respectively, the average mass median
diameter is d = dyo/% [pn = 0.3 pm). The HRTM deposition model predicts in both cases
that about 30% of the mass deposited in the AT region is carried by particles with diameter in
the range 0.5-2 ze1n, the rest being carried by smaller particles. However, for the coal miners
studied by Kuempel and co-workers, it was assumed that the particles had both physical and
aerodynamic diameter of about 5 gem (with og = 2.5). In this case, about 60% of the mass
deposited in the Al region is carried by particles with diameter in the range 0.5-2 i and the
remainder by larger particles. Based on this information and on the values estimated here for
the particle transport rates we could not find a correlation between the rate of interstitialisation
and the particle size. Despite the different sizes of the inhaled particles, all the aforementioned
analysis and studies agree in predicting that about 30%—40% of the material deposited in the
Al region remains sequestered indefinitely, i.e., have reached the interstitial region in one way
or another.

The three groups of subjects studied here included current smokers, and non-smokers, and
two groups included ex-smokers. However, because of the degree of inter-subject variation,
and the small numbers in each group, no clear conclusions could be drawn about the effect, if
any of smoking on long-term lung retention of insoluble particles. In all of the experimental
human lung studies reviewed in ICRP Publication 66 (ICRP 1994a) in which smokers and non-
smokers were compared, retention was greater in smokers. On that basis modifying factors
were proposed to reduce transfer rates from the Al region to the bronchiolar region in smokers
(the HRTM default parameter values were intended to apply to healthy non-smokers). It was
noted that the difference was most marked in studies in which retention of ferromagnetic iron
oxide particles was measured by magnetopneumography (MPG). Since the retention half-times
measured in non-smokers in these studies were considerably shorter than in studies using more
inert particles (e.g. Teflon), it was inferred that dissolution was an important mechanism in
clearance of the iron oxide particles, and that it was reduced in smokers. This is supported by
more recent studies. In particular, Mdller ef al (2001) measured retention up to 300 days after
inhalation of ferromagnetic iron oxide particles. For healthy subjects, the half-time of the slow
phase of lung clearance was shorter in non-smokers than in smokers: in younger subjects (20—
39 years) 124 & 66 d versus 220 & 74 d and in older subjects (4065 years) 162 £ 120 d versus
459 £ 334 d. It is possible that smoking has a greater effect on alveolar clearance in the first
few months than at later times, or that dissolution made a significant contribution to clearance
in all the studies reviewed by ICRP (1994a) which compared smokers and non-smokers.

4.1. Dose assessments

The new AI model predicts longer lung retention compared to the HRTM and this will
potentially result in higher doses to the lungs. Table 5 shows the equivalent dose to the lungs
and the effective dose for a unit intake (Bq) for a few radionuclides in their insoluble form
(absorption type S) and for an AMAD of 5 um. The doses for more soluble forms (type M
and F) are not affected by the longer lung retention. The doses were calculated using IMBA
(Birchall et al 2007) for the HRTM with default parameter values and with the new lung model
in its ‘equivalent’ form (figure 2(b)), where the HRTM structure is kept, the Falk model and the
optimised Al clearance parameter values are used: AI = (0.63, 0.37) for the initial distribution
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Table 5. Equivalent dose to the lungs (1¢Sv) and effective dose (14Sv) per unit intake (Bq) of the
given radionuclide. Values were calculated with the default HRTM model (¢; = 0.3, a; = 0.6,
a3 = 0.1) and the new lung model (Al = 0.37,m = 0,0027d"").

Lung equivalent dose  Effective dose coefficient
cocfficient (uSv Bq™!) (uSvBq™)

HRTM  New model HRTM  New model

U-238 34 60 6 9
Pu-239 47 75 8 16
Am-241 52 79 9 15
Co-60 0.10 0.12 0.016 0.021

and m = 0.0027 d~'. With this new model, the equivalent dose to the lungs increases by a
factor of about 1.5-2 for insoluble long-lived alpha-emitting radionuclides and by about 20%
for ®°Co (the same result would be obtained with the Kuempel model structure for Al). By
keeping the fast clearance phase only for the bronchial region (Falk model) the lung dose is
reduced and this partially cancels the increase due to the longer retention in the Al region.

5. Conclusions

Since the adoption of the HRTM, four studies (Philipson e al (1996), Kuempel ef al (2001),
Davis et al (2007) and ORAUT (2007)) have been reported which provide more comprehensive
information for long-term lung retention than was available when the HRTM was developed.
All four studies show that the HRTM underestimates long-term retention.

The model of Kuempel et al (2001) provides a physiologically more realistic and simpler
model of AJ retention than the HRTM, and was shown to provide an adequate representation
of Al retention for the data in the other three studies. A new model was developed here, taking
the Kuempel et a/ (2001) model structure but fitting both to experimental datasets on which the
HRTM parameter values were based, and to the more recent, long-term studies analysed here.
About 40% of an insoluble material deposited in the Al region remains sequestered indefinitely
and slowly clears only to the lymph nodes. The remaining material is cleared with half-time of
about 300 days.

Due to the increased retention, the lung dose per unit intake for insoluble long-lived alpha-
emitting radionuclides increases by 50-100%. The relatively small number of subjects analysed
did not allow identification of a clear effect of smoking on the long-term retention.

The new AI model structure is shown in figure 2(a) and the values for the particle
transport rates are m; = 0.001 d~! from the alveolar compartment to the interstitium, and
my = 0.0017 d! from the alveolar compartment to the bronchiolar region. The inter-
subject variability is here quantified with the 68% central probability intervals: (0.2,4) x
10~* d~! for my and (0.4,4) x 10~ d~! for my. For uncertainty analysis, a reasonably
accurate representation of the parameter distributions is given by two uncorrelated lognormal
distributions: my ~ LN(0.001, 4) and m ~ LN(0.0017, 3) or, for the alternative formulation,
by Aleq ~ LN(0.37,2) and m ~ LN(0.0027, 3).
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Appendix A, Maximum-likelihood for data below LLD

Tobin (1958) has shown that in presence of left censored data, an appropriate likelihood
function which possesses desirable properties (consistency, efficiency) is the following, also
known as Tobit (Tobin probit) likelihood function (Amemiya 1984):

L(x;0)= HPDF(_\',-; 0) l—_[CDF(.rm; 0)
i=1 i=1

where n_ and n_ are the number of measurements below and above the lower limit of detection
(LLD) xjo, PDF and CDF are the probability density function and the cumulative density
function respectively, for the random variable x and distribution parameters 6. The maximum-
likelihood estimator for the intake I in case of norinal errors is obtained by maximising the
log-likelihood log(L(x; @)) or, equivalently, by minimising

B ) b3l

where m; is the model prediction for unit intake, o; is the assumed error on the measurement
and erf(-) is the error function. Note that once the intake has been estimated, I — i, the
importance, or weight, of a <LLD data point in the maximisation can be represented with an
‘equivalent x?’ defined as

2 1 xo—Im
Xequiv = leog{2 (1+crf|:-—aﬂ .

Appendix B. Methods and results

B.1. Maximum-likelihood Levenberg—-Marquardt method

The ML-LM optimisation procedure to determine the model parameters for each subject may
be summarised as follows, Starting with an initial guess pg for the parameters, for each step
of the iteration, until the maximum of the likelihood function is achieved in the parameter
space: (1) the first-order kinetics lung + biokinetic model is solved with given values for
the parameters and the time-series of in vive and bioassay predictions are computed for a
unit intake; (2) the intake is calculated using the maximum-likelihood method by comparing
the model prediction and the measurements; (3) the parameters are changed according to
the LM algorithm, which is searching for a local maximum py,.. of the log-likelihood
function in parameter space. The software GNU-Octave (Eaton 2002) was used to implement
numerically the optimisation procedure, here, for the parameters f;, 55, Aleq and m. The
estimated parameter covariance matrix obtained with the above ML-LM optimisation contains
the information for a normal approximation of the N-dimensional likelihood function L(p) in
the neighbourhood of ppax. The result of the optimisation can therefore be summarised with a
multivariate normal-likelihood function N(p; i, X ,|x) for each subject, eventually truncated
for bounded parameters (for instance, 0 < Alq < 1).

Two parameters, f; and m, have been transformed for the optimisation (p — log(p))
and the corresponding uncertainties are shown as a geometric standard deviation (the symbol
/7 is used). The parameter s; was optimised, as Aleq, without being transformed and the
uncertainty is shown as an arithmetic standard deviation (the symbol =+ is used). Table B.1
shows the results of the parameter optimisation obtained with the ML-LM method for each
subject of the %°Co and RFP cohorts respectively. The ‘equivalent’ x2, shown in brackets,
quantifies the contribution of the <LLD data to the likelihood function (appendix A).
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TFable B.L. Parameter values used to fit the whole body, urine and faecal data for six subjects in
the %Co study (a) and parameter values used 1o fit the Jung and urine data for the six RFP cases
contaminated in the 1965 fire accident (b). The standasd ereors on the parameter estimates (shown in
brackets) were evaluated from the parameter covariance matrix obtained with the ML-LM method,
The number of data, both measured and <LLD (in brackets), and their corresponding coniribution
10 the x2 value (the equivafent value for the <LLD data points in brackets) are shown in the last
two columns.

{a) ¥°Co cohort

Case fo= fi(107%  s(107°d47") Al m (1071 d"Y)  Nodam  x?

1 0.7:/1.3) 0{+2) 0.33(+0.04) LA(/13) ¥ 3
2 1.4(-/1.6) 6(£6) 0.0(+£0.6) 0.2(./3) 34 425
3 12¢/1.7) 140£7) 0.20{:0.06) L6(/1.3) 25(5)  26(8)
4 LI/ 0(£2) 0.6(£0.2) 0.4(-/3) 405 351)
5 15¢/1.3) 0{2) 0.49(£0.05)  7(-/1.4} 323) 18D
6 £.8(-/1.3) 0(x2) 0.52(£006)  3(/1.5) 290 230
(b} RFP cohort

Case  f; (107%) s (07947 Al m (07347 No.data 2

I 50/11 03(+R1)  0.22(H00T) (/L) 60 67

2 8(-/1.4) 0.0(x£0.2)  0.11(F00)  5(/1.2) 99 47

3 3(-/3) 046(X0.13)  034(£0.12)  3(/2) 272y 3D
4 80(-/1.8) 0.0(x0.7)  OJL(H00%  6(/3) 76 3t

5 0.5(4) 30/1.2) 0.20(+0.012)  08(/1.1) 138 66

6 1¢/1.3) 04(£0.1)  022(:002)  0.8(/L3) 108 59

B.2. Posterior distribution calculation

Norn-informative (uniform} prior distributions were assumed for the parameters {in the range of
values where the parameter are defined) and the posterior distribution is therefore numerically
equal to the likelihood function with the constraint that its integral on the parameter space is
equal to one. Only in one case the upper limit for the transport parameter m was not well
defined. The likelihood function did anyway show a clear maximum, A prior distribution was
therefore included to limit the values of m to be not larger than those for the transport rates in
the bronchiolar region.

The whole cohort PDF was obtained by summing each subject’s PDE The marginal
one-dimensional PDF for each of the parameters were then obtained by integration. These
parameter distributions are described in terms of a set of quantiles and can be tentatively
approximated with a normalflognormal distribution (see table B.2). The subject’s PDF were
determined either by using the multinormal approximation provided by the ML-LM method
(approximate posterior) or by calculating the likelihood function on a Cantesian grid in the 4D
parameter space (exact posterior) using the information provided by the ML-LM method to
speed up the mapping. The ML-LM optinisation procedure, in fact, provides the maximum
and a reasonable estimation of the region in parameter space where the likelihood funclion is
more important and, in this way, it is possible to avoid calculating the likelihood function where
its value is negligible, This still required computing the likelihood function about 5 x 10* times
on a grid with 20 points per dimension to define the 95% probability region. The multinormal
approximation {o the parameters posterior obtained with the ML-LM method was reasonably
good for most of the **Co and RFP cases analysed. Differences between the approximate and
exact posterior were sigaificant mainly in regions of the parameter space where the likelihood
was small. In general, the ML-LM procedure is very valuable for a rapid assessment and
provides guidance for calculating the exact posterior.
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Table B.2. Quantiles are shown for each of the parameter marginal (1D) probability distributions
obtained from the exact posterior. The column ‘LN(jt, &) shows the median and the geometric
standard deviation of the approximating lognormal (LN) distribution.

25% 16% S0% 84%  975% LN(u,0)

(a) ®°Co cohort

fiaod=Yy 04 0.7 12 2 3 1.1 1.7
5 (107347 02 14 5 20 40 5 4
Alq 012 035 051 076 097 050 L5
m (1073 d~) 0.2 0.6 3 10 20 3 4
(b) RFP cohort

f(1073d") 05 19 5 30 60 5 4
s (1075d~y 004 018 04 1.7 3 04 2
Alg 0.16 019 023 065 091 027 16
m(10~3d~Y 06 08 3 7 17 2 3

Table B.2 shows the main statistics calculated from the exact PDF for each of the optimised
parameters for the whole *Co and RFP cohorts respectively. The columns ‘LN (i, o)’ show
the characteristic parameters of the best-fitting lognormal distribution to each PDE
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