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INTRODUCTION
In recent years, ICRP has produced a new set of biokinetic models that are more realistic and
scientifically justifiable than their predecessors.  In 1997, a collaboration between British
Nuclear Fuels (BNFL), Westlakes Research Institute, and the National Radiological
Protection Board (NRPB) started with the aim of producing a suite of modules (IMBA:
Integrated Modules for Bioassay Analysis) to aid the interpretation of bioassay data.  These
modules work together to implement the latest ICRP models in order to (a) estimate intakes
from bioassay measurements and (b) calculate the resulting internal dose.  The modules have
since been completed, tested extensively, and are currently in use by the UK Services that are
Approved for Internal Dosimetry (ADSs).

While the modules themselves are very powerful and flexible, they do require significant
knowledge and expertise to implement them correctly. So recent effort has been directed
towards the development of user-friendly software, which uses the IMBA modules to obtain
the appropriate results. 

Interest in the IMBA approach has spread beyond the UK.  In May 2001, following extensive
scientific discussions with internal dosimetrists at many of its nuclear sites, the United States
Department of Energy undertook to finance a major implementation of the IMBA modules
(IMBA Expert� USDOE-Edition). This ambitious project required major extensions to the
IMBA modules and the development of a user-friendly interface that controls them. To date,
IMBA Expert� USDOE-Edition (Phase 1) has been developed with enhanced flexibility and
ease of use. Extensive quality assurance tests have been carried out on the software.  

The aim of this paper is to describe the concepts and capabilities of IMBA and focuses on the
quality assurance tests that have been carried out. Monte Carlo simulations have been carried
out to test whether the fitting module leads to unbiased estimates of single intakes, and
simulated data sets have been used to verify that multiple intakes are estimated correctly. 

DESCRIPTION OF IMBA MODULES
An earlier version of IMBA has been described by Birchall et al. (1998) (1).  Briefly, the
IMBA suite consists of six independent executable modules (Table 1). Each module performs



a certain type of calculation.  All modules take their inputs from ASCII data files and store the
results of their calculations in further ASCII data files.  The deposition module implements
the ICRP Publication 66 Human Respiratory Tract Model(2) (HRTM); and the bioassay
module and the dosimetry modules have been designed to implement the latest ICRP systemic
biokinetic models. 

The SEE matrices that IMBA_DOS uses are the ones that are currently used by the ICRP
Task Group on the Dose Calculations to generate the dose coefficients in ICRP Publication
68(3).

Table 1 The IMBA modules and their functions
Modules Function
IMBA_DEP Calculates deposition in the respiratory tract regions.
IMBA_BIO Predicts bioassay quantity per unit intake (lung or total body retention,

urinary or faecal excretion).
IMBA_FIT Estimates intakes from bioassay data.
IMBA_DIS Calculates disintegrations in each organ per unit intake.
IMBA_DOS Calculates organ doses using the estimated intake. 
IMBA_EFF Calculates weighted organ doses using tissue weighting factors from ICRP

Publication 60, as updated in ICRP Publication 68

The IMBA Expert� fitting module uses the maximum likelihood method(4), rather than the
traditional least-squares method, to estimate intakes from bioassay data. The major benefit of
this method is that it can deal with data sets consisting of positive values (i.e. values
significantly greater than background) and values reported as below the limit of detection
(BLD).  The measurement time, the measured activity and the measurement uncertainty are
given in the input bioassay data file.  The uncertainty or the variability on the measurement
value is given in terms of a standard deviation (�) or geometric standard deviation (�g)
depending on whether the user assumes that the distribution is normal or lognormal. The
module has also been designed to handle more than one intake regime simultaneously.

VALIDATION OF IMBA MODULES
Each module (except IMBA_EFF) has been independently developed twice (by NRPB and
BNFL) using different mathematical methods and programming languages. A comparison of
the output of each pair of modules provides a useful check that they are operating correctly, as
it is unlikely (although not impossible) that the same error could have been made in each.

Quality assurance tests on the IMBA modules have been carried out for the following
radionuclides: 227Ac, 241Am, 60Co, 144Ce, 137Cs, 3H, 131I, 210Po, 238,239,241Pu, 106Ru, 35S, 90Sr,
and 234U.



Comparison of BNFL and NRPB module output
The NRPB and BNFL deposition modules have been compared by varying the input
parameters over a wide range and agreement to within 1% was obtained.  Similarly, the
bioassay modules were compared for various lengths of intake, namely 0 (acute), 1, 7, 30, 100
and 1000 d.  Agreement to 1% or less was obtained over times between 1 and 20,000 d after
the start of intake, with the exception of a few cases where the discrepancy was up to 5%.
However, these differences occurred only for extremely small bioassay values (� 1E-43 Bq
per unit intake).  

Total body retention was compared at times less than a day after acute and chronic intakes
following injection, inhalation, and ingestion.  All comparisons, for the above radionuclides,
were identical to five significant figures.  As expected, calculated retention values at times
within a chronic intake are independent of the duration of the chronic intake. 

The BNFL fitting module, which is used in IMBA Expert�, uses the maximum likelihood
method(4) whereas the NRPB fitting module uses the least squares method.  These two
modules have been used to estimate intakes of plutonium from urine and faecal data
consisting of only positive values.  These data sets were taken from a case used in the Third
European Intercomparison Exercise on Internal Dose Assessment(5). Both modules estimated
intakes that agreed to within 1%.

Comparison with ICRP dose coefficients
The organ doses calculated with the IMBA modules have also been compared with the data
from the ICRP CD-ROM of dose coefficients(6).  This is an additional check on the IMBA
deposition module, and also a check on the disintegration and dosimetry modules.  Equivalent
doses to target organs integrated over 50 years have been checked for inhalation, ingestion
and injection of the above radionuclides. Although good agreement was obtained further
comparisons are required as the ICRP dose coefficients are only given to 2 significant figures.
The section on ‘quality assurance of IMBA Expert�’ describes and gives the results of further
comparisons. 

Combinations of intakes
Correct operation of the dose module in the case of more than one intake regime has been
verified by calculating and summing the dose for each intake regime separately, and
comparing the result with the total dose calculated for all intake regimes together using the
IMBA modules.

Validation of the fitting module, IMBA_FIT
As stated above the IMBA fitting module, developed at BNFL, can deal with data sets
consisting of positive values and values reported as BLD.  To validate the IMBA fitting
module the following tests have been performed:

� Monte Carlo simulations have been carried out to test whether the fitting method leads to
unbiased estimates of single intakes;

� simulated data sets have been used to verify that multiple intakes are estimated correctly;



Monte Carlo simulations
Monte Carlo simulations have been carried out to see whether the fitting method leads to
unbiased estimates, and to investigate the efficiency of the method.  The efficiency reflects
the precision of a single estimate.  The investigation has been carried out using simulated data
sets with increasing number of BLD data.  The detailed steps of the simulation are as follows:

Step 1: Generate an ‘ideal’ data set
A modified version of LUDEP(7)(LUng Dose Evaluation Program) is used to calculate a
urinary excretion data set for an acute inhalation of 1000 Bq of 239Pu (Type S; 5 �m AMAD;
standard worker; f1 = 10-5; ICRP Publication 78 urinary excretion function for plutonium(8)).
One hundred values are calculated at times between 10 and 109 days after intake.  This
LUDEP data set is regarded as ‘ideal’ as measurement uncertainty and variability are not
simulated.

Step 2: Superimpose random error on ‘ideal’ data set
To simulate uncertainty and variability on each urinary excretion measurement random scatter
is added to each of the data points from the LUDEP data set.  It is assumed that each data
value is lognormally distributed about the true value with a given �g. In other words, it is
assumed that the median is equal to the actual value in the LUDEP data set.  By randomly
selecting a value from the assumed lognormal distribution a known amount of scatter is
effectively added to each of the data points. 

Step 3: Impose a limit of detection
An arbitrary limit of detection (LOD) value is selected and imposed on the data set. If a data
value is below the LOD value, it is raised to the LOD value and reported as being below that
value.  In other words, it is reported as being a BLD data point. 

Step 4: Estimate intake
The fitting module requires a measurement uncertainty for each data point.  Thus, for an
assumed value of �g` the IMBA fitting module is used to estimate the intake (Figure 1).

Figure 1 shows a fit to a simulated data set that resulted in an estimated intake of 983 Bq,
where the actual intake is 1000 Bq, the % of BLD data is 47%, the assumed �g` is 1.8 and the
actual �g of scatter is 1.8. 



Figure 1 Model fit to a simulated data set of urinary excretion rates for an acute inhalation of
plutonium. (‘�’ represent positive data values whereas ‘�’ is equal to the LOD and represent
values reported as below the LOD.)

Steps 2 to 4 are repeated for 5000 runs, each run producing a single estimate of intake.  A
frequency distribution of the intakes is thus produced (Figure 2).  The sample mean value, x ,
and the sample standard deviation, s, of this distribution are determined.  In this study, if the
actual intake is within three standard errors of x  then x  is assumed to be an unbiased
estimator of the actual intake.  If the estimate is unbiased, then there is a 99.7% probability
that the confidence interval ( x  � 3 standard errors) will contain the true intake (1000 Bq).  In
other words there is only a 0.3% probability of reporting a false bias.  If s is small, the method
for estimating the intake is efficient. 

Table 2 gives the results of the Monte Carlo simulations for data sets with increasing numbers
of BLD data points and where �g of the scatter is varied.  In each case the actual intake is
1000 Bq and the assumed value of �g` is 1.8.  The uncertainties given in Table 2 represent
three standard errors.

Table 2 shows that the IMBA fitting module leads to unbiased estimates when there are no
BLD data irrespective of whether the assumed �g` equals the actual �g.   When �g` = �g the
IMBA method leads to unbiased estimates, even for data sets containing a large amount of
BLD data (75% BLD data). 

The IMBA method leads to biased estimates when the assumed �g` is different from the actual
�g and BLD data are present.  If �g is smaller than assumed, intakes tend to be underestimated
as the number of BLD values increases.  Conversely, if �g is larger than assumed, the intakes
tend to be overestimated in a similar manner.  For radiation protection purposes, it can be seen
from Table 2 that the method provides a good estimate of the true intake even when the
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number of BLD data is large.  For example, there is a 95% probability that an estimated intake
will fall between 950 < x < 1300 (25 to 65% BLD values; �g of scatter = 2.4; assumed �g` =
1.8) when the true intake is 1000 Bq. 

Figure 2 Frequency distribution of the estimated intakes (assumed �g = 1.8, �g of the scatter =
1.8, percent of BLD data = 30-60%, actual intake = 1000 Bq, Sample mean = 1000.5 ± 2.7 Bq
at the 99.7% confidence interval).

Table 2 Parameters of the frequency distribution of estimated intakes.  Different geometric
standard deviations of the scatter and increasing percentages of BLD values define the data
sets. 

Actual �g of scatter% of BLD data
1.4 1.8 2.4

0 x  = 1000.5 ± 1.4
s = 34

x  = 1001.0 ± 2.5
s = 59

x  = 1003.6 ± 3.9
s = 89

< 30 x  = 973.5 ± 1.6
s = 38

x  = 1001.8 ± 2.6
s = 62

x  = 1004.9 ± 3.7
s = 87

25-65 x  = 898.6 ± 1.9
s = 46

x  = 1000.5 ± 2.7
s = 64

x  = 1127.3 ± 3.8
s = 90

60 –95 x  = 772.4 ± 2.4
s = 56

x  = 996.9 ± 3.3
s = 78

x  = 1307.9 ± 4.9
s = 115

1. Assumed �g` = 1.8.
2. True mean = 1000 Bq.
3. Number of estimated intakes = 5000.
4. Uncertainties quoted represents three standard errors.
5. Values in bold show the method leads to unbiased estimates.
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Table 2 shows that the efficiency or the precision of an estimated intake decreases (i.e. s
becomes larger) for:
� data sets with increasing number of BLD data;
� data sets containing data with larger uncertainties (i.e. �g of scatter).

Multiple intake regimes
Correct operation of the fitting routine has been tested with simulated data sets calculated for
multiple intake regimes.

A simulated data set of total body retention was created with a modified version of LUDEP(7)

for chronic (20 Bq/d over 0 to 30 days) and acute (160 Bq on day 150) inhalation of 137Cs.
The modified version of LUDEP implements the ICRP 67 biokinetic model for caesium(9).
The data set for each regime was created separately and then summed at matching times to
obtain the combined data set for these two known intakes.  IMBA was then used to estimate
these intakes with the combined data set. The estimated intakes and the actual intakes agreed
to within 0.06%.  The fit is shown in Figure 3.

Figure 3 Fit (—) to data set (�) of total body retention arising from a chronic and acute
inhalation of 20 Bq d-1 (0 to 30 days) and 160 Bq (day 150) of 137Cs respectively.

DESCRIPTION OF IMBA EXPERTTM USDOE EDITION (PHASE I)
IMBA-EXPERT has been described in detail by Birchall et al.  (2002)10.  Briefly, it is a
windows-based, user friendly, program that controls the IMBA modules to:

� Estimate intakes from bioassay measurements.  Up to 10 separate intakes can be estimated
simultaneously. 
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� Calculate equivalent dose to organs and effective dose.  Doses can be calculated for the
estimated intakes or for intake values entered by the user.

The interface was designed so that it would be easy to use while satisfying the detailed
requirements of the US Department of Energy.  It is a powerful and flexible program.  Figure
3 shows the main screen of IMBA-EXPERT. 
The main features of the program are: the implementation of the HRTM(2) and latest ICRP
systemic biokinetic models; the ability to deal with acute and truncated chronic intakes; the
ability to change model parameter values; and the ability to display the bioassay fits
graphically or as a table.  The software allows the user to select one of the following
radionuclides from a periodic table: 241Am, 60Co, 137Cs, 3H, 125I, 131I, 237Np, 32P, 33P, 210Po,
238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 35S, 90Sr, 234U and 238U. 

Figure 1 Main screen of IMBA Expert� USA edition
A radionuclide (indicator radionuclide) may be associated with one or several other
radionuclides (associated radionuclides).  The user can calculate doses arising from intakes of
the ‘indicator’ radionuclide as well as intakes from up to 30 ‘associated’ radionuclides.  The
user can generate detailed or summary reports containing results, data and parameter values. 



QUALITY ASSURANCE OF IMBA EXPERT�
Because IMBA Expert� utilises the IMBA modules directly, it would be expected to give the
same results as the modules themselves.  However, to double check, equivalent doses to the
target organs and effective doses following inhalation and ingestion have been compared with
the doses calculated with PLEIADES to 4 significant figures.  PLEIADES is the NRPB code
for producing compilations of dose coefficients and is used to contribute to the work of the
ICRP Task Group on Dose Calculations.  This comparison was carried out for all of the
radionuclides implemented in IMBA Expert�.  In every case agreement was within 1%. 

Bioassay quantities (urine, faecal, total body and organ retention) calculated at times between
1 and 10000 d following injection have been compared with values calculated with
PLEIADES to 4 significant figures.  Again this was carried out for all the radionuclides
implemented in IMBA Expert�.  In addition, for chronic inhalation of 234U bioassay
quantities (urine, faecal, total body, kidney and lung retention) have been compared with
values calculated with PLEIADES to 4 significant figures. In every case agreement was,
again, within 1%.

These comparisons not only verify that IMBA Expert� implements the IMBA modules
correctly but they are also an additional check on the actual IMBA modules.  These tests were
automated by developing code to carry out these comparisons so that they could easily be
repeated following further development of IMBA Expert�.

CONCLUSION
A suite of software modules (IMBA) has been developed to implement the recent ICRP
dosimetric and biokinetic models for estimation of intakes and doses from bioassay
measurements.  A powerful user-friendly interface (IMBA Expert� USDOE-Edition) has
been developed under contract to control these modules.  Extensive quality assurance tests
have been carried out on the IMBA modules and on IMBA Expert�.  Effective doses, organ
doses and bioassay quantities calculated with IMBA Expert� have been compared with
values calculated with PLEIADES; a code used to generate ICRP dose coefficients. In every
case agreement was within 1%.

Monte Carlo simulations have shown that the IMBA fitting module leads to unbiased
estimates when certain conditions apply: For data sets with no BLD data the method is
unbiased, irrespective of the assumed uncertainty of the measurement data (�g`).  If the
assumed �g` is equal to the actual �g, unbiased estimates can be calculated even for data sets
containing a large amount of BLD data (75% BLD data).  Biased estimates occur when the
assumed �g` is different from the actual �g and BLD data are present.  In this case, bias
increases as the amount of BLD data increases.  However, in general, if the measurements
take place close to the time of intake, the estimated intake will be low if the data set consists
largely of BLD data. 
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