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This paper describes the analysis of doses to 32 medical workers at Hospital
No.103 of Vietnam Atomic Energy Commission (VAEC) in 1994 for understanding the
relation between the radiation protection system and the dose distribution in medical field.
To assess the overall effectiveness of radiation protection system in hospital, the
characteristics of monthly individual doses, monthly collective doses and annual doses
have been analyzed by the conventional statistical method and the dose distribution
method, separating the group of workers into subgroups by some factors. Monthly
individual doses at the Hospital in 1994 were low and far below the monthly dose
standard of 4.2mSv established by the VAEC based on the ICRP Publication 26. The
monthly dose distribution showed the log-normality for all doses, being the same as the
established finding of medical worker dose distribution. Most of doses below 0.3mSv,
however, revealed the hybrid log-normality that reflects the effect of dose reduction
efforts. The subgroup of monthly doses by medical doctor or technician, by X-ray
diagnosis or radiotherapy, by each of workers and by each of months resulted in the same
characteristics of dose distribution, that is, lognormal for all doses but hybrid lognormal
for most of doses below about 0.3mSv. The annual dose distribution was also the same,
that is, lognormal for all doses but hybrid lognormal for most of doses below 1mSv. It
proved that the careful analysis of dose distribution could identify the effect of dose
reduction efforts at hospital and could provide the overall assessment of effectiveness of
radiation protection system.

Keywords: Medical Worker, Occupational Exposure, Monthly Individual Dose, Monthly
Collective Dose, Annual Dose, Dose Distribution, Lognormal Model, Hybrid Lognormal
Model, Radiation Protection.
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1. INTRODUCTION

The ionizing radiation has been widely and extensively used in various sectors of society.
The ionizing radiation exposure to a population may involve a risk, which should be fully
assessed. The contribution of doses from ionizing radiation due to the overall effectiveness
of the radiation protection system should be achieved for the controllable exposure due to all
man-made sources as well as natural sources. The ICRP recommends that the assessment of
the effectiveness should depend on the distribution of doses attained, as shown in the 1990
Recommendations [1].

Medical workers in hospitals, e.g., doctors, nurses, technicians and medical physicists are
likely exposed to ionizing radiation emitted from the electronically producing machines and
radiopharmaceutical sources for diagnosis and therapy. Radiation doses are usually reported
to be rather lower for medical staff than for radiation workers in other industrial fields. The
number of medical staff to be potentially exposed, however, is fairly large and hence may
contribute a sufficient collective dose in the whole occupational exposure. The medical
field occupies about a half of radiation workforce and contributes about one-fourth of
collective doses to the workforce, for example, in the United States in 1980 [2], in Japan in
1990 [3] or in the world [4]. Thus, the knowledge of medical occupational exposure is
substantially important, especially the statistical characteristics of individual doses attained
in hospital to establish a suitable system of radiological protection.

This study describes the detail characteristics of ionizing radiation doses to thirty-two
medical workers at Hospital No.103 of Vietnam Atomic Energy Commission (VAEC) in
1994. A small group of medical workers was selected to determine the detailed
characteristics of the distribution of monthly doses among workers in each of twelve months,
monthly collective doses to all of workers during twelve months and the distribution of
annual doses among workers in the year by kind of workers and by type of sources. The
characterization of variation of individual doses to each of workers among months in the
year was also conducted. The multi-aspect of individual and collective doses could provide
the interpretation of the relationship between exposure factors relating to medical jobs and
the system of radiological protection, to review the effectiveness of the system in hospital.
The methodology is the dose distribution analysis, including the conventional descriptive
statistics. The results of the analysis are discussed according to the radiation standards
established by the VAEC based on the ICRP Publication 26 (1977) [5]. In 1995 the VAEC
adopted the radiation standards reflecting the ICRP Publication 60 (1990) [1] in its activities
in Vietnam.

2.METHOD OF ANALYSIS

In order to assess the characteristics of radiation exposure and the overall effectiveness of
radiation protection system at Hospital No.103 in 1994, first, the conventional statistical
method is applied to evaluate the level and seasonal trend of doses to workers. Mean
monthly doses and monthly collective doses in 1994 are calculated by division of X-ray
diagnosis and radiotherapy (mainly 7y rays), by type of workers between doctor and
technician, or by whole workers. The dose distribution analysis method is then applied to
assess the characteristics of monthly and annual dose distributions of 1994, enabling the
evaluation of the overall effectiveness of the radiation protection system as recommended in
the ICRP Publication 26 or 60.
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The lognormal (LN) distribution has been popular for the dose distribution model since
the ICRP Publication 26 and the UNSCEAR Report [6] were published in 1977. Explicitly
defined, it is the distribution of X when Y= In(X), which is normally distributed with mean
pn and variance e [7]. Denoting the standard normal distribution by Z~N(0,1), the
lognormal distribution is expressed by ]n(X)~N(|_1,62) because of normal variate
Z={In(X)—u}/c. Then the median of X is given by exp(i).

The LN model generally provides a good fit to the variation of doses far below the dose
limits, but not to the variation of higher doses approaching the dose limits [8-10]. The
variation of higher doses submitting to exposure control is well fitted by the normal
distribution [8]. Plotting such data as points (In(x), z) or on log-probability paper gives a
straight line in the range of low dose, but deviates from the straight line in the range of
higher dose.  The deviation appears a downward convex curve and the degree of the
convex indicates the effect of dose reduction efforts. The effort becomes stronger for dose
approaching the dose limits than for that far below the dose limits [8-11].

The unification of lognormal and normal distributions well fits the actual data of doses
controlled by efforts of dose reduction, called the hybrid lognormal (HLN) distribution
model [4, 9]. The HLN model, defined as the distribution of X when Y= In(pX)+pX (p>0),
is normally distributed with mean p and variance o Defining the hybrid function Y=
hyb(pX)=In(pX)+pX and its inverse function cyb(Y)=pX, the median of X is cyb(n)/p
because of the normal variate Z={hyb(pX)-u}/c. The parameter p is the dose-reducing
constraint factor per unit dose as feedback control by the radiation protection system. When
p is small enough to give pX<<l, then hyb(pX)=In(pX). On the other hand, it shows
hyb(pX) =pX when p is large enough to give pX>>1.  Thus the hybrid function produces a
hybrid scale of logarithmic and linear scales, analogous to the log-scale produced by the
logarithmic function [11, 13]. The HLN model characterizes the variation of doses to be
normally distributed in the hybrid scale reflecting the magnitude of controlled dose pX.
When doses approach the dose limits, the dose distribution is a downward convex curve as
plotted in log-scale of X, but it is a straight line as plotted in the hybrid scale of pX.

As mentioned above, in hybrid scale of probability paper, the HLN variation of observed
doses is expressed as a straight line in a function of controlled dose pX. Relatively larger
values of p indicate the stronger effectiveness of dose reduction when the straight graph of
dose distribution shifts toward the linear region of hybrid scale [hyb(pX)>0], whereas
relatively smaller values of p show the smaller effectiveness of dose reduction when the
straight graph shifts toward the logarithmic region of hybrid scale [hyb(pX)<0]. With no
effective constraint factor (p = 0), the straight graph of dose distribution is completely
located in the logarithmic region and the hybrid lognormal distribution becomes the
lognormal distribution. The value of p reflects the exposure control mechanism depending
on various factors such as jobs, radiation control processes, operational procedures,
regulation and so on. Thus, by calculating values of p, the effectiveness of a radiation
protection system will be assessed more easily and clearly. In addition, changing of p
values on hybrid scale may judge whether a dose distribution is hybrid lognormal or not {4,
12, 13].

All three models of normal, lognormal and hybrid lognormal are applied to assess the
occupational dose distribution of 32 medical workers at Hospital No.103 in 1994. The
selection of the best model among these models is based on Akaike’s Information Criterion
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(AIC), minimizing AIC= n X In [ (sum of squared residual errors) / n ] + 2 x (number of
model parameters), where n is the number of data. The first term of AIC corresponds to —2
X (log-likelihood). It minimizes the total amount of residual errors and the number of
parameters. In Canada these three models have been applied to the analysis of occupational
exposure data, using maximum likelihood estimation [15-16]. This paper includes the
additional term of minimizing the number of parameters.

3. PERSONNEL MONITORING AT VAEC’S HOSPITAL NO.103

In 1994, there were total 32 monitored persons (including 5 women) who worked at the
X-ray diagnosis division and radiotherapy division of Hospital No.103. 18 persons of the X-
ray diagnosis division were exposed to only X-ray, while 14 persons of the radiotherapy
division were exposed to gamma rays and beta rays emitting from radioisotopes as Iron-59
(*Fe), Chromium-51 (*Cr), Cobalt-60 (*Co), Iodine-131 (*I), Phosphorus-32 (*P) and other
radiation equipment.

Occupational exposure to radiation at the hospital in 1994 was governed by the national
regulation established in 1986 by the VAEC based on the Recommendations of the ICRP
Publication 26. The annual dose limit was 50mSv as effective dose equivalent and the
calculation of monthly dose standard was about 4.2mSv. The individual dose measurements
were monthly conducted by the Nuclear Safety Technology Center of the VAEC from the
first to the third day of month, by using film badge dosimeter. The value of dose was the
whole body effective dose equivalent determined from a single dosimeter worn on the front
left chest of the body at radiation work. The medical doctors put the lead apron that covered
the dosimeter on chest when they controlled the machines of radioscopy to diagnose directly
on the body of patients.

The minimum detectable dose was 0.01mSv as rounded (0.005-0.015mSv). Doses below
the detection limit were recorded as 0 mSv. Increasing exposure comparing with the
monthly dose standard, medical workers were always ordered to change their work and also
repeatedly asked to call their attention to exposure reduction.

Radiation exposure was different among medical workers and its intensity changed day
by day according to the number of patients or their task. In the X-ray diagnosis division,
medical doctors did not work on the radiophotograph as frequently as technicians did, but
they usually had to control the radioscopy and were likely to be directly exposed by X-ray
for long time. In the radiotherapy division, where many radioisotopes and radiation
equipment of diagnosing and treating patients were used, both medical doctors as
technicians were similarly exposed. All these affected the characteristics of doses to
medical workers and made many differences in individual doses in the hospital.

4. RESULTS
4.1 Dose data in 1994

The results of individual dose measurement obtained in 1994 at Hospital No.103 of the
VAEC are presented in Table 1. About thirty-two medical workers was monitored at the
hospital every month, leading to a total number of 378 monthly individual doses, excluding
6 cases due to lack of monitoring. Among them, the number of data below the measurable
dose or detection limit of 0.01mSv is 61 (about 16% of all data). The fraction of measurable
dose is a quite high percentage (about 84%), compared with other occupational exposure [4].
Most data (about 80% of all data), however, ranges from 0.01mSv to 0.3mSv and only two
doses (0.53%) exceed 1mSv including a maximum of 1.31mSv. It is therefore clear that all
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medical workers received small monthly individual doses, far below the monthly dose
standard of 4.2mSyv.

The mean monthly dose and monthly collective dose of workers at the hospital in 1994
are given in Table 2, providing the separation by worker between doctor and technician and
by source between gamma ray (mainly) and X-ray basis. The mean of monthly doses
among all workers varies with month, from 0.04mSv (July and November) to 0.24mSv
(March). The mean ranges from 0.03mSv (June, July and September) to 0.15mSv (March)
among doctors and from 0.01mSv (December) to 0.32mSv (March) among technicians.
Separated by type of source, the mean is from 0.04mSv (November) to 0.34mSv (March) for
the X-ray group of workers, and from 0.01mSv (August) to 0.12mSv (March) for the gamma
ray group. It is important to note that a maximum of the mean monthly dose is observed on
March for all workers, doctors and technicians as well as for gamma ray and X-ray groups.
Thus, the mean dose varies with month, kind of workers and type of sources.

The mean annual dose is reported at 0.96mSv among all workers, with remarked
differences between doctors (0.85mSv) and technicians (1.06mSv) as well as between
gamma rays (0.58mSv) and X-ray (1.25mSv).

Table 2 also shows the monthly and annual collective doses for all monitored workers,
doctors and technicians, and two types of sources at the hospital in 1994. The monthly
collective dose is the largest for March and the smallest for December as the same as the
highest mean monthly dose for March and the lowest mean for December because of the
similar number of workers per month shown in Table 1. The contribution of annual
collective dose is larger for technicians (61%) than for doctors (39%) and also larger for the
X-ray group (74%) than for the gamma ray group (26%).

4.2 Distribution of monthly individual doses to all workers

Figure 1 shows the distribution of 1994 monthly individual doses for all medical workers
at Hospital No.103. Upper panel is the probability plot, having the vertical axis of normal
variate z, which corresponds the probability not exceeding a given dose, and the horizontal
axis of dose in linear scale. The graph is not linear for all observed doses. Therefore the
dose distribution is not the normal distribution. Doses above 0.3mSv seem to be normally
distributed because of linearity of their graph. Middle panel is the log-probability plot,
where the horizontal axis of dose is in log scale. Plots of data show a linear graph and the
dose distribution is lognormal, excepting doses above 0.8mSv where data deviate from the
linear graph. Lower panel is the hybrid probability plot, having the horizontal axis of
controlled dose px, where p is 0.63mSv”, in hybrid scale. The whole data form the best
linearity of plots in hybrid scale among three kinds of the scales. The distribution of
monthly doses to all workers in 1994 is likely hybrid lognormal.

The solid line in Figure 1 shows a lognormal fit to all data. It well fits data up to 0.8mSv
but deviates from higher doses above this level (see upper or lower panel). The broken line
represents a hybrid lognormal fit to all data. It fits the whole data better than the solid line.
Using the AIC criterion, the hybrid lognormal model (AIC= -1458.7) is the best among the
three models, noting that AIC=-462.2 for the normal AIC= -1411.9 for the lognormal.
Table 3 shows statistic of monthly individual doses estimated by lognormal and hybrid
lognormal models. The estimation of median dose is almost equal to the actual median for
both models. The estimates by the hybrid lognormal model give a good approximation to
the actual mean and standard deviation, but those by the lognormal model do not.
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Investigating in detail, Figure 1 shows a considerable discrepancy of data from the fit
curve from 0.15mSv to 0.35mSv. The distribution of doses below 0.3mSv, corresponding to
about 95% of data, brings a hybrid lognormal fit shown by solid line on log-probability plot
in Figure 2. Even if changing the dose range of fit between 0.1mSv and 0.3mSv, the
characteristics of dose distribution is almost similar. Thus the hybrid lognormal fit of solid
line in Figure 2 indicates the basic characteristics of distribution of lower monthly doses to
most of workers. Monthly individual doses above 0.3mSv (5% of workers) explicitly
deviate from the basic distribution of doses below the level. This might be due to the
specific jobs needed by some workers and months. Consequently the effectiveness of
controlling monthly individual doses can be clearly identified in the case of actual exposure
control even if all doses are sufficiently low relative to the monthly dose standard of 4.2mSv.
The constraint factor p of exposure is 4.57mSv™ (Figure 2), while it is 0.63mSv™" when the
hybrid lognormal model fits all data (Figure 1).

4.3 Monthly dose distribution by type of workers and sources

The variation of monthly individual doses might be affected by kind of workers and by
type of sources. Figure 3 shows the comparison of distributions of 1994 monthly doses
pooled by kind of workers between doctor and technician, using three Kinds of probability
plots, the same as depicted in Figure 1. The shape of plotting data for technicians is almost
the same as that for all workers showed in Figure 1 but the shape of plots for medical
doctors is clearly different. The dose distribution range is narrower for doctor than for
technician.

The linearity of the plots is identified only in higher doses on upper panel of linear scale
and in lower doses on middle panel of log-scale for both doctor and technician. However, it
is attained in the whole range of dose when data are plotted as a controlled dose of px in
hybrid scale with p of 0.97mSv” for doctor and of 0.60 mSv™ for technician. Thus, the
hybrid lognormal model is applicable to determining the whole dose distribution and
estimating the statistic.

The dose range of graph for doctor in hybrid scale of px shifts more strongly toward the
linear scale more than that for technician. This means that doctors were affected stronger
from radiation protection than technicians, although most of monthly doses are below
0.2mSv, for doctors and below 0.3mSv for technicians.

Figure 4 gives a similar comparison of distributions of 1994 monthly doses pooled by
type of sources between gamma ray and X-ray groups. The distribution of doses for X-ray
users is quite similar to that for whole data in Figure 1 as well as for technician’s data in
Figure 3. The dose distribution for gamma ray users is different from that for X-ray users.
Middle panel shows roughly parallel straight arrays of plots on log scale for both gamma ray
and X-ray. Plotting the data in hybrid scale gives a straight line in the deeply logarithmic
region of hybrid scale for gamma ray, while for X-ray users a similar trend is observed in
the region extending from logarithmic to linear feature of hybrid scale. The slope of graphs
is very similar for both groups.

The dose distribution for gamma ray is almost lognormal because of linearity in log scale
but that for X-ray is rather hybrid lognormal. The difference in dose distribution might be
due to the characteristics of jobs and radiation protection between the two sources. The
constraint factor p of exposure to gamma ray and X-ray is 0.004mSv™ and 0.86mSv’,
respectively. It suggests that the radiation control affected more strongly in exposure to X-
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ray users than to gamma ray users. As the mean dose of gamma ray users is about a half of
that for X-ray users, it agrees with the principle of “the stronger control over the higher
exposure.”

Figures 3 and 4 show the characteristics of the whole distribution of monthly doses
pooled by kind of workers and by type of sources. To understand the basic characteristics
of dose distribution, we changed the dose range to fit the model to the data as well as
possible. Figure 5 shows the best fit of the hybrid lognormal model to most of the data up to
0.2mSv for doctors and up to 0.3mSv for technicians. The higher doses above the level
deviate largely from the fit for both kinds of workers. Figure 6 also shows the best fit of the
model to most of the data up to 0.2mSv for gamma rays and up to 0.3mSv for X-ray.
Similarly, the higher doses above the level deviate largely from the fit for both types of
sources. These results indicate the consistent evidence of strong control of exposure so that
monthly individual dose should range mainly from 0.01 to 0.3mSv. From Table 1, the
fraction of measurable doses is only 16%, although many other cases are frequently about
50% or more [2]. In the mean time the fraction of doses above 0.3mSyv is only 4.5%.

The constraint factor p of exposure for doctor and technician is 7.32mSv™ and 3.88mSv’!
(Figure 5), respectively, while it is 0.97mSv” for doctor and 0.06 mSv" for technician
(Figure 3) when the model fits each set of the data for all doctors and all technicians. The
constraint factor p for gamma ray users and X-ray users is 7.10mSv™' and 6.25mSv" (Figure
6), respectively, while it is 0.004mSv™ for gamma ray users and 0.86mSv™! for X-ray users
in Figure 4. Thus, the hybrid lognormal analysis proved to extract the underlying
effectiveness of radiation protection efforts.

4.4 Monthly dose distribution by each of workers

Each of workers generally has his role in job. The variation of distributions of monthly
doses in a year by each of workers should be clarified, relating to the distribution of doses
pooled by a certain group of workers. Figure 7 shows the log-probability plots of monthly
doses to each of 32 workers over the year 1994, in comparison with the same plots for all
workers with the hybrid lognormal fit to the data below 0.3mSv (the solid line). Thirty-two
distributions of doses to each of workers range widely from the lognormal in the dose region
below 0.1mSv to the hybrid lognormal or the normal in the region extending above 0.3mSv.

Figure 8 shows the same data in hybrid probability plot for each of workers and all
workers with respect to the controlled dose px. The value of px was calculated by using the
corresponding constraint factor for each of workers. Plots of doses to workers No.7 (0) and
No.25 (e) are roughly straight lines in the left margin of the hybrid scale and almost in the
whole log scale. Their slope of graph parallels that of plots of data to workers ALL (0).
Plots of doses to workers No.15 (%) and No.18 () are also roughly straight lines in the
right margin of the hybrid scale and almost in the whole linear scale. Their slope of graph is
similar to that for workers ALL (J). Thus, the hybrid probability plot presents a straight line
of dose distributions ranging from log scale to linear scale via hybrid scale. Generally
speaking, the straight line in the linear region reflects stronger control of dose reduction
while the straight line in the log scale indicates week or homogenous control from the
insignificant dose to the significant dose region.

The constraint factor of the dose distribution varies by each of workers considerably.
The distribution of these 32 constraint factors is presented in the log-probability plot in
Figure 9. The solid line is the hybrid lognormal fit to the data of constraint factors including
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two smallest data. The hybrid lognormal fit to the data is sufficiently satisfied. The median
of constraint factors among 32 workers is estimated at 4.90mSv™”. The constraint factor for
the solid line shown in Figure 7 or 8, fitting to the data below 0.3mSv for all workers, is
4.57mSv’'. Thus, the constraint factor of dose distribution for all workers is very close to
the median of the constraint factors for each of workers.

The same relationship of constraint factors has been reported between the whole
distribution of pooled data and the set of distributions by subgroup. One is daily dose
distribution at JRR-3, whose constraint factors by each of workers are lognormally
distributed with the median very close to the constraint factor for the distribution of daily
doses pooled to all workers [17]. Another is annual dose distribution at light water reactors
licensed by the U.S. Nuclear Regulatory Commission in 1998, whose constraint factors by
each of reactor sites are lognormally distributed with the median similar to the constraint
factor of the annual dose distribution of all sites [12].

In addition, the basic distribution of monthly doses at Hospital No.103 has the value of
exposure constraint factor with the same order of magnitude for doctor (7.32mSv’!) and
technician (3.88mSv™) in Figure 5, or for gamma ray (7.10mSv™") and X-ray (6.25mSv!) in
Figure 6.

4.5 Monthly dose distribution by each of months

In hospital radiation exposure strongly depends on the seasonal variation of medical
activities. Tables 1 and 2 show that March is the largest in mean dose (0.24mSv) and
collective dose (7.8 man mSv), while July or November is the smallest in mean dose (both
0.04mSv) and collective dose (1.14 or 1.17 man-mSv). The following is to analyze the
effect of the seasonal variation of medical activities on the monthly dose distribution.

Upper and lower panels in Figure 10 show the variation of monthly doses among workers
by each of months in 1994 with log-probability and hybrid probability plots, respectively.
The overall variation of monthly dose distributions among 12 months is roughly similar but
somehow smaller than that of monthly dose distributions by each of workers, shown in
Figures 7 and 8, for both log-probability and hybrid probability plots (upper and lower
panels, respectively).

March with the largest mean dose is the log-normality for the whole data but it is the
hybrid log-normality for the data below 0.3mSv, where six workers exceed 0.3mSv and also
exceed 0.6mSv. April with the second largest mean dose also shows the hybrid log-
normality between 0.04mSv and 0.3mSv. Monthly doses above 0.4mSv in March and April
contribute to most of higher doses deviating from the basic monthly dose distribution for all
workers over the year 1994. The basic dose distribution is the solid curve in Figure 2, 7 or 8.
Thus, it suggests the strong control of exposure at Hospital No.103 in 1994.

Monthly dose distributions in May, June, August and November are lognormal, while
others are hybrid lognormal. Constraint factors of twelve months are hybrid lognormally
distributed. The median of these constraint factors, however, is 1.66mSv™' smaller than that
(4.57mSv") for those among 32 workers.

4.6 Annual dose distribution in 1994

The annual individual dose is the accumulation of monthly doses to a worker over the
year. The distribution of 1994 annual doses among 32 workers at Hospital No.103 is
lognormal as shown in Figure 11. All annual doses measured are far below the annual dose



JAERI-Research  2000-065

limit of 50mSv. However doses below 1mSv deviates from the lognormal fit and are fitted
well by the hybrid lognormal model. This is attributed to the mixing of the basic dose
distribution reflecting the effort of dose reduction with the occurrence of relatively higher
exposure from the need of jobs or from the longer interval of monitoring by monthly basis.
The annual dose of 1mSv corresponds to the mean monthly level of 0.083mSv. This is
smaller than the level of monthly doses above which the higher monthly doses might be
deviated from the basic dose distribution.

At Hospital No.103 radiation control is achieved by planning the intensity of radiation
tasks so as to average exposure over workers, considering the recorded amount of previous
monthly individual doses. This seems to bring the fewer fraction of less-than-measurable
dose. Especially all of annual doses in 1994 are more than the measurable dose of 0.01mSv.
However, the large variation of radiation jobs, especially due to the seasonal characteristics
of patients, brings the lognormal types of annual dose distribution as a whole, while the
basic distribution of dominant lower doses reflects the effect of reducing radiation doses.

5. DISCUSSION

The occupational exposure of 32 workers to ionizing radiation at Hospital No.103 in
1994 is sufficiently low, as mentioned above. To analyze such low doses is generally not
useful for the practical purpose. Speaking frankly, we should analyze the significantly high
doses in detail. The data presented here, however, give considerable findings about the
characteristics of dose distribution and the effectiveness of radiation protection interpreted
on the basis of the distribution of doses recorded.

The variation of occupational exposure is produced from many factors, including private
reasons due to annual leaves and others from workers. So we need a simple model to
understand the overall characteristics of the variation. The ICRP Publication 60
recommends investigating the overall effectiveness of dose distribution based on the
distribution of doses attained. This report is one of efforts towards the application of dose
distribution analysis in radiation protection.

There are many types of distributions to be analyzed by selecting the set of doses for the
purpose of radiation protection. We should know the difference and the relationship among
these distributions as well as their parameters. Especially the annual dose distribution is the
final goal of evaluation but we should understand the distribution of doses, shorter or longer
in an interval of time than one year, in each of different workers, by type of jobs or sources,
and by other factors. Compiling this knowledge, the distribution of annual doses attained
can be reasonably interpreted for the effectiveness of the system of radiological protection.
This paper discussed some of them by using the small number of annual data with details of
monthly individual doses.

The distribution of annual doses in the medical field is often reported to be lognormal.
The annual dose distribution at Hospital No.103 in 1994 is apparently lognormal. However
there are many evidences of dose reduction efforts by analyzing monthly dose distributions
in various aspects, then the annual dose distribution at Hospital No.103 should not be
considered simply to be lognormal. The distribution surely contains the evidence of the
effectiveness of radiation protection as basic characteristics of dose distribution.

The annual individual doses are decomposed into monthly individual doses. The
monthly individual doses are grouped into one distribution for all data, thirty-two
distributions for each of workers and twelve distributions for each of months. These
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distribution data are analyzed by the hybrid lognormal model, the estimation of constraint
factor p of the distribution for all data represents the median of the distribution of constraint
factors corresponding to thirty-two distributions for each of workers or twelve distributions
for each of months, at least in the same order of magnitude. This finding is useful for
interpreting the overall distribution of all data, relating to a group of distributions
decomposed by each of workers or by each of months. In this study the distribution of
constraint factors among decomposed distributions showed the hybrid log-normality.

Next discussion is the characteristics of exposure at Hospital No.103, comparing with
other medical occupational data. About 99.47% monthly doses are below 1mSv, and no
data are over monthly dose standard of 4.2mSv. This result of the Hospital is better than
that of 351 monthly doses in 1993 at 4 other hospitals in Vietnam, where 97% of monthly
doses were less than 1mSv and 1.1% of them more than 4.2mSv [18]. From this paper the
mean annual dose is about 0.96mSv and annual collective dose is 30.62 man mSv in 1994.
About a quarter of annual doses and annual collective dose was attributed to March of busy
month. The magnitude of mean annual dose is reported from 0.15mSv to 2.28mSv for
medical occupational exposure from other countries [19-24]. The UNSCEAR Reports also
show the mean annual effective dose of 0.5 mSv for medical radiation workers worldwide [4,
10}. Thus, the mean annual dose at Hospital No.103 in 1994 is within the common
boundary shown in these reports.

The distributions of the actual data for all monthly and annual individual doses in 1994 at
Hospital No. 103 are in logarithmic region of hybrid scale with small values of constraint
factor (p = 0.63mSv™' for monthly dose, and p = 0.037mSv"' for annual dose). Thus, the
actual dose distribution is similar to the lognormal distribution, which is suggested by ICRP
26 [5], and the exposure of many workers is well far below the level, required by the current
radiation protection system and then not so close to the dose limits. The dose distribution of
medical workers becomes lognormal because some medical workers incurred by higher
doses attained at the jobs insufficiently controlled by the radiation protection system. As a
result, the characteristics of distribution of all data apparently appear lognormal. Most of
the actual doses at the Hospital are below 0.4mSv, except March when some doses are over
this level. Analyzing the distribution of monthly doses below 0.4mSv, we find the hybrid
lognormal characteristics of the distribution having p larger than few mSv™. It suggests that
the major trend of monthly individual doses reflects a strong effect from the radiation
protection at the Hospital. Thus the new dose standard in accordance to the
Recommendations of ICRP Publication 60 (1990) [1] will affect the characteristics of dose
distribution.

Exposure to radiation is very different among workers as shown in Figures 3 and 4. The
level of dose received is not the same for each of workers; medical doctors were not exposed
at high levels within a relatively narrow range of doses, but technicians exposure is ranging
more widely in dose. In addition, the dose-reducing constraint factor calculated from the
distribution of doses to each of workers varied widely, being hybrid log-normally distributed
among all workers. Activity of many workers was still slightly free from the system of
radiation protection. This suggests that there is a possibility of improving exposure control
and the ALARA principle [25] should be addressed for actively individual monitoring
shorter than a month. The variation of individual doses is necessary for the flexibility of
work. It is important to find a reasonable variation of doses by radiation control. Therefore
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the hybrid lognormal model consists of the law of proportionate effect and the law of
feedback mechanism.

Differences in dose and dose distribution by kind of workers, type of sources and each of
month clearly demonstrate the characteristics of radiological working environment,
operational procedures, radiation control processes and so on, including the positive and
effective control efforts to suppress high exposure. Then the differences provide the
informative suggestion on reasonably reducing dose by actions of radiation protection.

Data of radiation doses at Hospital No.103 in 1994 reveal the feature of variation by
using three types of distribution models (normal, lognormal and hybrid lognormal). Data
plotted on three types of scales (linear, log and hybrid) simply provide a clear comparison.
Data are fitted well by the log or hybrid scale. The hybrid lognormal model fits data better
when doses approach the dose limits or there is some dose control. Then the dose-reducing
constraint factor becomes stronger. Based on this study, the hybrid lognormal analysis of
dose distribution extracts a strong control effect of exposure in the range roughly between
0.1mSv and 0.3mSv, while the lognormal analysis does not show a similar trend due to
some data of higher doses above 0.3mSv. This is not the case of doses approaching the dose
limits but the case of some dose control.

6. CONCLUSION

The level of whole body doses each month and in the year of 1994 to radiation workers
at Hospital No. 103 was sufficiently low, far below the national dose standard in Vietnam.
The lognormal and hybrid lognormal analysis of the data showed the variation of monthly
dose distributions by worker and by month. It also showed the difference of monthly
dose distribution between medical doctors and technicians, as well as X-ray diagnosis and
radiation therapy.

The distribution of monthly doses is lognormal for the whole range of dose. The
hybrid lognormal analysis locates the distribution of monthly doses in the logarithmic
region of hybrid scale for the whole range of dose. It, however, reveals the strong hybrid
log-normality of the distribution of monthly doses below 0.3mSv that clearly reflects the
overall effectiveness of radiation control except several data above 0.3mSv. The annual
dose distribution showed similar characteristics that are lognormal for all data and hybrid
lognormal for data below 1mSv. This proves the overall effectiveness of radiation control
for most of workers annually exposed between 0.01mSv and 1mSv, reflecting the effort of
averaging exposure over workers. The feedback of exposure records shorter than monthly
monitoring will possibly bring the overall effectiveness for the whole dose range.

The results shown above suggest that the application of a limit on effective dose of
20mSv per year, averaged over Syears (100mSv in 5 years) recommended in the ICRP
Publication 60 makes the exposure constraint factor larger due to reducing higher doses
more but not lower doses.
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Table 1 Monthly individual dose at Hospital 103 in 1994

No. of Monthly individual dose (mSv)
Month | Workers | <MD* MD-0.01 0.01-0.03 0.03-0.1 0.1-03 0.3-07 07-1 >1

1 32 0 6 6 15 5 0 0 0
2 32 0 10 9 8 5 0 0 0
3 32 0 1 1 16 8 2 2 2%*
4 32 0 1 12 9 6 4 0 0
5 31 0 2 9 14 5 1 0 0
6 31 14 6 4 3 2 1 1 0
7 30 6 6 7 8 3 0 0 0
8 32 10 7 6 5 3 1 0 0
9 31 8 5 9 4 5 0 0 0
10 32 0 0 4 15 11 2 0 0
11 31 6 6 5 12 2 0 0 0
12 32 17 3 4 4 3 1 0 0

Total 378 61 53 76 113 58 12 3 2

*MD: Measurable dose

** Maximum dose is 1.31 mSv.
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Table 2 Mean and collective doses for each month and year of 1994 at Hospital 103

Mean dose (mSv)

Collective dose (man-mSv)

Month All By worker* By source** All By worker* By source**
workers workers
Doctor Technician| yray X-ray Doctor Technicianj yray X-ray
1 0.07 0.07 0.07 006 0.07 2.18 0.98 1.20 0.87 1.31
2 0.05 0.06 0.04 0.04 005 1.51 0.80 0.71 0.54 0.97
3 0.24 0.15 0.32 012 034 7.83 2.06 571 1.65 6.18
4 0.13 0.10 0.15 003 020 4.05 1.38 2.67 0.39 3.66
5 0.08 0.06 0.10 004 0.10 2.40 0.74 1.66 0.58 1.82
6 0.06 0.03 0.08 006 006 1.79 045 1.34 0.82 0.97
7 0.04 0.03 0.04 002 005 1.14 0.47 0.67 0.24 0.90
8 0.05 0.08 0.03 0.01  0.09 1.70 1.10 0.60 0.14 1.56
9 0.05 0.03 0.06 002 007 1.47 043 1.04 0.24 1.23
10 0.12 0.10 0.14 010 013 3.78 1.35 2.43 1.46 2.32
11 0.04 0.06 0.03 004 0.04 1.17 0.72 0.45 0.57 0.60
12 0.05 0.10 0.01 0.04 0.06 1.60 1.36 0.24 0.59 1.01
Total 0.96 0.96 1.06 058 125 3062 | 11.84 18.78 8.09 22.53
* : 14 doctors and 18 technicians ** : 14 persons for y ray and 18 persons for X-ray
Table 3 Comparison of statistic between data and model calculations
Statistic Data Lognormal Hybrid lognormal
Mean 0.081 0.091 0.084
Standard deviation 0.14 0.23 0.15
Median 0.03 0.033 0.033
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Figure 1 Probability plots of 1994 all monthly individual doses to 32 workers at Hospital No.103.
Dose scales are linear (upper panel), log (middle) and hybrid (lower). Symbol shows
data. Solid curve: lognormal fit; dotted: Hybrid lognormal fit to all data (p=0.63mSv'1).
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Figure 3 A comparison of probability plots of 1994 all monthly doses between doctor (D) and
technician (T), the same presentation as Figure 1. Solid curves are HLN fits to each

of data (D: p=0.97mSv'], mean= 0.07 mSv; T: p=0.6OmSv'I, mean=0.09mSv).
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Figure 4 A comparison of probability plots of 1994 all monthly doses between gamma ray (G)
and X-ray (X), the same as Figure 3. Solid curves are HLN fits to each of data
(G: p=0.004mSv'1, mean= 0.05 mSv; X: p=0.86mSv'l, mean=0.11mSv).
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Figure 7b The same graphs as Figure 7a, 1994 monthly doses to workers (9-16).
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Figure 7c The same graphs as Figure 7a, 1994 monthly doses to workers (17-24).
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Figure 7d The same graphs as Figure 7a, 1994 monthly doses to workers (25-32).
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Figure 10 Log (upper panel) and hybrid (lower panel) probability plots of doses among workers by
month in 1994. Bold solid line (both panel): HLN fit to all data below 0.3mSv (Figure 2);
Broken line: HLN fit to all data (Figure 1).
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Figure 11 Log probability plot of 1994 annual doses to 32 workers at Hospital No.103. Symbol:
data; Thin solid line: HLN fit to all data (p=0.03’7mSv", the same as a LN fit); Bold
solid line: HLN fit to data <1mSv where p=0.84mSv‘l.
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