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So far approximately half of the beams has been measured in Czech Republic : 12 Co beams,
6 Cs beams, 4 X-Ray LINACs, 6 betatrons). Out of 28 measured beams 19 have been already
evaluated: 13 of them had deviation of measured and quoted value less then 3%, 5 of them had this
deviation between 3 and 6 percent, one exceed 6 % deviation.

The deviation of expected and measured value of quality index was between 3 and 6 percent
for 5 betatron's X-ray beams.

It is still too early to draw general conclusions and to evaluate possible sources of errors and
their repair, but the TLD mailed system was already successfully established. For several
radiotherapeuticai departments it is the first possibility to participate in such external audit of absorbed
dose determination and delivery.
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Effective half-life is often used is nuclear medicine applications for characterizing a time course
of accumulated activity. This quantity is mostly estimated by fitting a straight line in semi-logarithmic
coordinates. The quality of the usual least-squares fit was found susceptible to measurement errors.
For this reason, a novel Bayes-based solution has been recently proposed. It improved quality of the
gained estimates by exploiting well defined probabilistic nature of the problem as well as physically
justified prior information. When analyzing properties of the new estimator, it has been found that the
key structural assumption

MEASURED DATA CAN BE DESCRIBED BY A MONO-EXPONENTIAL
is often violated. Consequently, even the best estimates cannot be practically used for predicting the
activity time course. The only possible remedy of this problem consists of a refinement of the model.
Possible refinements are restricted by the fact that the number of available measurements is usually
very limited due to medical/technica! reasons. Thus, the extension has to exploit available expertise.
In the paper, a novel model is proposed which is motivated by the form of solutions of compartment
models for a reference man. Besides better fit it provides also possibility to avoid manual selection of
the time moment at which the accumulated activity reaches its maximum.

The paper summarizes essence of the Bayesian solution, demostrates mismodelling limitations
on a real data, proposes a model refinement and illustrates contribution of the improved model on real
data.
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1. INTRODUCTION

Estimation of a dose imparted by ionizing radiation to a human body is a standard important
task encountered in the radionuclide diagnostics/therapy (1,6,8-10,24-27,32). The amount of the
administered activity has to be large enough to provide an evidence of non-physiological phenomena.
At the same time, it should be as low as possible in order to minimize a damage of healthy tissues.
This motivates permanent improvements of measurement techniques and explains the attention paid
to various quality assurance programs (3-5,30,31). Attempting to balance the insufficient quality of the
evaluation procedures with the permanent progress in hardware/software involved, the authors pro-
posed recently (13,15,16) a novel method of estimating the effective half-life. The effective half-life
estimate serves for judging of quantities related to the absorbed dose (24,27,32).

A significant improvement of the estimate quality has been reached. The better results,
however, have revealed an important problem which is usually hidden behind poor quality of standard
estimates: It was found that the key assumption "MEASURED DATA CAN BE DESCRIBED BY A
MONO-EXPONENTIAL when the transient period is skipped" is rather often violated. Then, even the
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best estimates cannot be practically used for predicting the activity time course. A refinement of the
model is the only possible remedy of this problem.

Compartment models relating absorbed doses to accumulated activities (19,20,23) seem to
be the best candidates for such a refinement. They describe, however, the activity distribution for the
reference man, ie. for a healthy person with precisely specified organ weights and dimensions.
Nevertheless, it was found (19) that even mild deviations from the reference-man parameters may
result in differences in absorbed doses of about 30 %; the differences increase up to 100 % with
increasing deviations. Applicability restrictions of these models are much more serious in the
radionuclide diagnostics/therapy (unhealthy persons are treated) where no assumption justifying
compartment models can be taken for granted.

This fact has motivated the use of global characteristics like the effective half-life Te( which is
estimated for each patient individually. This quantity is, however, well defined if the measured data lie
(with the transient period skipped) near a mono-exponential.

The only way out of this circle seems to be:
- exploitation of experimental data relevant to the individual patient;
- use of a more complex model by making a step towards to compartment based results. It implies,

however, that the practically used formulae which rely on availability of Tef (24,27,32) should be
modified.

2. ESTIMATION PROBLEM

At the time t ^ t ^ , , a radiopharmacon with a known activity Aapl = A(tapl) is administered. The
dependence of the accumulated activity A(t) on time t in a region of interest should be characterized.
After a transient time t,, the activity is believed to follow a single deterministic pattern f(t):

A(t) = f(t). [1]
The typical choice is

f(t) = A(t,). exp[-lR(2).(t-t1)ATel] for t>t,. [2]

As usual, activity values are estimated indirectly. The number of related counts a(t)
proportional to A(t) is registered:

a(t) = c.A(t)+noise or a(t) = c.A(t).noise. [3]

Thus, given the pattern [2], the estimation of the activity time course reduces to the estimation
of the unknown triple (Tef,A(t,),c) which fully determines a future time course of A(t).

3. MODELLING FOR ESTIMATION

3.1 Data
The measuring process consists of calibration and measurement phases.
The aim of the calibration phase is to obtain information on the calibration factor converting

measured impulses to activities. To this purpose, the counts s, = s(tsi) at the time instants tsi, i = 1 n
corresponding to the known standard activities S, = S(tsl) are registered. The counts aj = afy) provide
information on the unknown activities A, = A(tj) at the time instants tj, j=1 m in the measurement
phase.

3.2 Parametrized models
Fluctuations of individual measurements are supposed to be independent and equally

distributed. The same type of distribution is assumed both in calibration and measurement phases.
Consequently, it is sufficient to describe the parametrized model of the more complex measurement
phase. In the calibration phase, the expected measurement values are given directly by the known
activity of the standard. The calibration factor is assumed to be time-invariant (testing of this
hypothesis can be found in (13)).

3.2.1. Modelling of the deterministic evolution
The ideal parametrized model should fit the "expected" trajectory of the modelled quantity for

some fixed parameter values. Thus, it has to respect any significant theoretical/empirical knowledge
available on the modelled phenomenon. In the discussed case, the function f(t) has to be specified.
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As stated above, the form [2] is rather often used. It was, however, found to be tod crude in a
significant portion of inspected cases (15,16). Generic activity trajectories resulting from the
compartment models suggest f(t) as a sum of several exponentials. This form is, however, unfeasible
in cases with 2-15 measurements. Thus, a slight deviation from the form [2] is acceptable only. The
shapes of the time curves of activities for the reference man (19,23) indicate the following form as a
potential candidate

f(t)=k0.tk1.exp[-ln(2).(k2.lns(t)+t/Tp)],t>tapl=0 [4]

where Tp is the known physical half-life of the radionuclide used. The proposed formula [4] models
the time curve which can be used from the very beginning of the measurements, ie. no data are lost
and t, need not be guessed. Moreover, it has expected qualitative properties, namely, it:
- starts at zero in the application time (no activity is accumulated yet),
- possess a single extreme for t>0,
- falls to zero with the rate higher than the physical decay (if k1 >0),
- reflects the empirical knowledge that the solution of the compartment model for the reference man

is close to a parabola in log-log coordinates for the accumulated activity and time (19,23),
- models explicitly physical decay so that the individual biological elimination is to be estimated only.

The model is parametrized by (c,k) = (c,kO,k1,k2) where k is three-dimensional vector. Thus,
the overall number of parameters is increased by one comparing to the standard case. At the same
time, the (sometimes sensitive) choice of t, is avoided.

3.2.2. Modelling of probabilistic properties
The Poisson distribution is a well justified probabilistic model of the rare-event scheme to

which the registration of counts belongs (18). Thus, the counts are described by probability function
(pf)

p(a(t)|c,f(t)) = P(c.f(t)) = [(c.f(t))a«Va(t)!].exp[-c.f(t)] [5]

This mode! respects the discrete nature of the observed data and the random mechanism of
their generating.

The model is used in the calibration phase when the standard activities f(tsi) = S, are known.
In the measurement phase, it can be formally used, too. The resulting estimation is, however,
numerically demanding and corresponding procedures are not implemented yet. In order to judge
whether the proposed deterministic trajectory brings a real improvement a simplified log-normal
probabilistic model is used. It obviously neglects discrete nature of the data. This fact causes probably
little harm as the realistic high counts make them practically continuous. The following important
features are preserved when replacing the Poisson distribution by the log-normal one:
- both distributions describe positive data,
- the relative error taken as the ratio of the standard deviation to the expected value is independent

of the expected value or (in other words) the noise corrupting f (t) [3] is multiplicative; this important
feature disqualifies the popular normal distribution. :

The log-normal probability density function (pdf) has the form

p(a(t)|cL,f(t),r) = LNaW(ln(cL.f(t)),r) = (27rr)-°5 a^t) exp{-0.5r1ln2[a(t)/(cL.f(t))]} [6]

where r>0 determines width of this pdf. The calibration factor which is influenced by the selected
probabilistic model (see below) is denoted cL. The expectation (E) and standard deviation (D) of this
pdf are

E[a(t)|cL,f(t),r] = cL.f(t).exp(0.5r)

D[a(t)|cL,f(t),r] = cL.f(t)exp(0.5r).[exp(r)-1]05. [7]

For the Poisson pf, both these moments are equal to c.f(t). Thus, the relative error assigned
to the log-normal pdf is the same as this obtained for the correct Poisson pf for r=ln(2). The perfect
correspondence in the expectation and standard deviation is obtained for

cL=c . 20 5 . [8]

With the discussed options the selected parametrized model takes the form

p(a(t)|c,k) = (27rln(2))°5a-1(t)exp{-0.5ln-1(2)[y(t)-xlz(t)]2} [9]
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where ' denotes transposition. The variables in the exponent are

y(t) = ln{a(t)/[cAaplexp(-ln{2)tA-p)]} [10]

x1 = [ln(0.5)k2,k1,ln(205).k0/Aapl)]l z'(t) = [In2(t),ln(t),1]

where the division by the administered activity A^, is made both for simple expressing prior
information and interpretation reasons. The first statement becomes clear in the next section. At the
interpretation level, it is important to notice that the time course of so called relative activity (13,27,32)
is modelled. Usually, the evolution of the absolute activity is modelled directly. Note that the calibration
factor can be replaced by a point estimate ce from the calibration phase: the corresponding bias
ln(c/ce) just sums with the third entry of x.

In summary, we have arrived at the normal linear regression model in appropriately
transformed variables [10] (y(t) regressand, z(t) regressor).

3.3 Prior information
The predicted logarithm of the relative accumulated activity fulfils the obvious inequality

E[y(t) |x] = x'z(t)<0 for t>tapl = 0. [11]

Let us denote h=ln(t). In order to met the condition [11], the quadratic equation

x'z(t) = x,h2 + x-, h + x3 = 0

should not have a real solution and x3 has to be negative, ie.

x3 < 0 and x2
2 < 4x,x3 = > x, < 0. [12]

It is also known that the accumulated activity extreme is reached between 18 hours (0.75 of
day) and 3 days after the administration, ie.

xjx, = -2. ln(U 0.75 < text < 3. [13]

Prior information can be quantified by a uniform distribution Ux on the x-set specified by the
inequalities [12], [13].

4. ESTIMATION

Bayesian estimation exploits all components listed above (measured data, theoretical
considerations quantified by the parametrized model and expert knowledge reflected in the prior pdf)
and evaluates posterior pdf of the unknown parameters according to the Bayes formula

m
P(x|a, am)=K Ux TT exp{-0.5ln1(2)[yr)Czi3

2} =

j=1

= KUxexp{-0.5ln"1(2)(x-x(m))'P"1(m)(x-x(m))} [14]
where
K is a proportionality constant;
j fy i (j

P(m)=(z1z1'+...+zrnzm
1)'1 = covariance of least squares estimate;

x(m) = P(m)(z,y1+...+zmyJ = least squares estimate of x.
Let us comment the formula [14];

- x(m) and P(m) are statistics determining the posterior pdf. They formally coincide with the well
known least squares quantities but they just compress the observed data: they must not be
changed by the available prior information.

- The maximum a posteriori probability point estimate of x can be found by minimizing
(x-x(m))'P'1(m)(x-x(m)) on the set restricted by U,,. This nonlinear programming task is not solved
here but it has to be implemented in the final version of the estimator. It should be stressed that
such an optimization gives significantly different (and better) results from a simple "clipping" at
boundary value if x(m) does not belong to the set specified by Ux.

- The posterior pdf [14] offers much more than a simple point estimate: confidence intervals on x can
be computed valid even for the small amount of data treated. Also necessary predictions - the key
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reason for modelling and estimation - can be derived (13,15). This goes, however, beyond the
scope of this paper.

5. EXPERIMENTAL RESULTS

5.1 Material available
The authors have access to real data consisting of records related to 1 450 patients treated

for thyroid diseases at the Clinic of Nuclear Medicine, Faculty Hospital Motol, 2nd Medical Faculty,
Charles University, Prague. The data have been gained as a by-product of routine deterministic
evaluations made by a software system called JOD (13). The research reported here should serve to
improving just this system which fully relies on the mono-exponential assumption inspected.

Among the available data, 12 cases were randomly chosen to test whether it is practically
worthwhile to put the energy into a detailed algorithmic elaboration of the outlined theory. These data
were extended by a sampled accumulation curve for the reference man (19,23) in order to check the
fit to a source of the proposed model. The selected records contain from 5 to 25 measurements and
from 1 to 4 lesions.

5.2 Results
The results are of very preliminary nature. Just least squares estimates x(m) are evaluated and

their fitting ability is judged through the residual sums

jM = (yi-X'M(m)z,[k!)2+... + (ym-x'[kl(m)zm
M)2; k = 1,2,3 [15]

where the superscript M distinguishes the regressions used for comparison. Specifically,

z[1l(t) = [t,1]' the standard case relying on the mono-exponential time evolution,
zE21(t) = [ln(t),t,1]' the "second best" regressor found among different variants tested,
z(3!(t) = [In2(t),ln(t),1]' the advocated case [10].

The corresponding least-squares estimates based on m data are denoted x[k)(m). The values
of x(m)=xI3!(m) are given in order to judge their positions with respect to the set specified by Ux. The
results are summarized in the table 1.

The symbol sign x occuring in the remark column indicate that the estimate of x3 has other
sign than expected. The references to the relations [12] and/or [13] stress violations of the
corresponding inequalities by the estimate found.

5.3 Discussion
The presented results are based on a few data only. Thus, all conclusions have a restricted

validity. They are, however, sufficiently promising to justify an effort to be put in this direction.
The standard case is uniformly worse than the proposed improvement. The same pattern has

been observed even with initial data omitted (assuming the model validity for t>t,). The standard
model has less free parameters; thus, the worse results can be expected. The difference is, however,
striking especially for the reference man.

The model with z!2! provides slightly better results in two cases only. Alternative models tested
determined by other regressors (for instance by z ' ^ ^ t ^ t . i ] ) were uniformly and significantly worse.

The least squares estimates violate sometimes restrictions implied by the prior information.
The positive sign of x3 implies also violation of the inequalities [12], [13]. They are tested in other
cases, too. The violations are marked in the remark column of the table 1.

The violations indicate that it is worthwhile to exploit the prior information and to perform the
mentioned nonlinear programming.

A detailed inspection of individual results has revealed an important property of the proposed
model: it describes data extremly well at the decisive part of the high accumulation. It indicates
significant improvement in estimating decisive dosimetric quantities.

6. CONCLUSIONS

A new model describing the time evolution of accumulated activity is proposed in the paper.
Its real contribution is illustrated on real-life data. The presented promising results can be taken as
an interim report on the running research which aims to improve data processing in nuclear medicine
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applications. Diagnostics/therapy of thyroid diseases are primary application areas considered but the
methodology as well as obtained results are betieved to be applicable out of this area, too.

A lot remains to be done, like:
- the exploitation of the available prior knowledge (a nonlinear programming task),
- the evaluation of predictions (both point values and uncertainties can be obtained),
- the full exploitation of the probabilistic information (use of the Poisson model which requires

mastering two and three dimensional numerical integration of probability density functions with
sharp ridges/peaks),

- the replacement of the routinely used formulae (27,32) which rest on the effective-half life availability
by a more general evaluations based on the MIRD method (7),

- the testing of the proposed model on the full set of available data.

In spite of the vast amount of work to be done the results are both theoretically and practically
promising so that the further effort can be expected to be well paid by significant practical
improvements.

Table 1 COMPARISON OF THE STANDARD AND PROPOSED CHARACTERIZATION
OF THE ACCUMULATED ACTIVITY EVOLUTION

No.

| 1

1

1 2

|

1 4

1 5

1 6

1 7

| 8

10

11

12

13

m

12

12

12

19

5

8

14

14

14

14

6

5

25

JC3.D

1.471

1.606

0.322

1.269

0.739

1.697

1.780

0.670

0.695

2.980

1.603

0.251

22.106

1.450

1.597

0.317

0.901

0.015

1.598

1.301

0.347

0.339

0.975

0.199

0.126

1.969

0.869

0.770

0.291

0.829

0.006

0.828

1.237

0.328

0.354

0.955

0.279

0.104

0.332

-1.96

-1.93

-1.13

-0.27

-0.45

-2.80

-0.31

-0.46

-0.22

-0.13

-3.68

-0.27

-0.36

xa(m)

0.75

0.88

0.38

-0.10

0.19

0.81

-0.25

-0.26

-0.39

-0.83

1.64

0.06

0.33

X3(m)

0.15

-0.72

-1.07

0.47

-0.07

-0.30

-1.05

-0.61

-1.00

-0.60

2.36

-0.01

-0.56

Remark

sign x3

sign xa j

[12], [13]

sign xa

reference man

[13]
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THE ANALYSIS OF ACTIVITIES OF THE RADIOPHARMACEUTICALS
AND OF THE RADIATION DOSE TO POPULATION IN SLOVAKIA

FROM DIAGNOSIS IN NUCLEAR MEDICINE
S. Fta6nikovi

Institute of Preventive and Clinical Medicine
Limbovi 14,Bratislava, Slovak Republic

The collective effective dose and effective dose from examinations by means of application
radiopharmaceuticals at nuclear medicine departments in period from 1992 to 1993 in Slovakia had
been estimated. There was performed an detailed analysis of mean administrated activity of
radiopharmaceuticals in various radiodiagnostic procedures in nuclear medicine during the period
from 1992 to 1993 in Slovakia. The use of diagnostic radiopharmaceuticals resulted in values of 3.8
mSv per exam and 0.022 mSv per caput for effective dose and 110.7 man Sv for collective effective
dose for 1992 and 0.019 mSv, 3.45 mSv and 101.5 man Sv respectively for 1993 in Slovak republic.

The mean values of the administrated activity of radiopharmaceuticals are comparable with
the values in Czech Republic, in developed European countries and USA.

There was also performed a comparison of the values of effective dose and collective effective
dose for adult population for diagnostic radiopharmaceuticals in 1992 in SR calculated with tissue
weighting factors according ICRP Publication 26 and Publication 60.

Introduction

Medical uses of ionizing radiation contribute significantly to the radiation exposures of
individuals and populations. This exposures (0.4 - 1 mSv annually per caput (UNSCEAR 1988)) far
exceed those from other man-made sources. There is need to analyze the frequencies, doses and
trends of diagnostic and therapeutic medical radiation procedures world wide. Such information could
also be used in optimalization of the dose for radiation protection purposes. Therefore it is important
to provide comprehensive data for new formed Slovak republic because the former studies were
performed for CSFR (Hu§ak and Ridkova 1990).

Medical radiation exposures arise from diagnostic use of X-rays and other external radiation
sources and internally administered radioisotopes and from therapeutic use of external and sealed
internal sources of radiation and radiopharmaceuticals. The diagnostic procedures at nuclear medicine
departments are performed to check the failure of organ functions, pathological structure changes,
and for the estimation of the concentration of biological important substances present in human body
only in very small amounts, like hormones. The most significant contribution to the radiation dose to
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