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The personal dosimetry in Bosnia and Herzegovina started in 1960. After a brief interruption
in 1990s, the dosimetry service resumed in 1999. Until 2013, the Radiation Protection Cen-
tre of the Institute of Public Health of Federation of Bosnia and Herzegovina has been the
only institution in the country that could provide this service. In 2013, this Center covered
more than 70 % (1,485) of all radiation workers in the country. They mostly worked in medi-
cal institutions (1,417 or 95.4 %), while others are exposed to radiation sources in industry
and veterinary radiology. From 1999 to 2013, the majority of annual doses were less than
1 mSv (96.2 %). There are no registered cases of exceeding the annual dose limit (20 mSv).
The results analysis shows the reduction of individual doses in last five years. Newly adopted
practices in medicine, such as the positron emission tomography, could cause the increase of

doses in the years to come.
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INTRODUCTION

There is a wide variety of situations in which
people at work are exposed to the ionising radiation.
The conventional definition of occupational exposure
to any hazardous agent includes all exposures incurred
at work, regardless of the source [1]. However, to dis-
tinguish the exposure that should be subject to control
by the operating management from the exposure aris-
ing from the general radiation environment, the term
'occupational radiation exposure' is taken to mean that
those exposures were received or committed during
the period of work and that can reasonably be regarded
as the responsibility of the operating management [2,
3]. In most of the cases, such exposures are subject to
the regulatory control.

The means of occupational dose monitoring are
normally regulated by the responsible authority. Usu-
ally, the personal dosimeters are used for individual
dose monitoring. The workers are issued with an ap-
propriate individual dosimeter which provides period-
ical dose readouts in the chosen physical quantity rec-
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ommended by the ICRU [4, 5]. The technology of in-
dividual dosimeters has been changing over the years.
In general, a perfect individual dosimeter would be the
tissue equivalent, able to measure all types of radia-
tion, not depending on energy, with high precision and
accuracy. Unfortunately, this is not possible for many
reasons. The dosimeters used in this study are based on
the property of certain crystalline materials to absorb
the energy of ionising radiation and re-emit it as a visi-
ble light upon the exposure to high temperature. This
property is called the thermoluminescence [6]. Histor-
ically, the radiographic film has been used as a method
of choice in personal dosimetry for many years [7].
According to the European Radiation Dosimetry
Group (EURADOS) Survey from 2012, the
thermoluminescence dosimeters (TLD) and films
make up more than 80 % of the issued dosimeters in
Europe. According to the same survey, 15 out of 76 in-
dividual monitoring services worked with film dosim-
eters, which is less in comparison to the 2003 report [8,
9]. Although the radiographic films have a lot of ad-
vantages, their use in personal dosimetry is limited by
their high energy dependence, poor sensitivity, possi-
bility of accidental exposure to visible light, lack of
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compatibility with digital systems, efc. [10]. Other de-
tectors commonly used in personal dosimetry are
based on the radio photoluminescence (RPL), opti-
cally stimulated luminescence (OSL) efc. [11, 12]. In
specific cases, the workers are issued the direct ion
storage (DIS) dosimeters or active personal dosime-
ters (APD) [8].

Primarily, the individual monitoring is used to
control the occupational exposure and ensure safe
working conditions, as well as to demonstrate the
compliance with the third radiation protection princi-
ple — dose limitation. Individual monitoring results
provide the information on the adequacy of protection
measures, which is the key input for operational deci-
sions needed to address the second principle of radia-
tion protection — optimisation. When low, the individ-
ual doses provide a reassurance to workers [13].
Hence, the individual monitoring of exposed workers
is a requirement of the International Atomic Energy
Agency (IAEA) International Basic Safety Standards
and the national regulation of Bosnia and Herzegovina
(BIH) [3, 14].

The personal dosimetry in BIH started in 1960. It
was interrupted in 1990 and continued in 1999 after
the TAEA donated a TLD reader and a set of appropri-
ate dosimeters to the Radiation Protection Centre
(RPC) of the Institute of Public Health of Federation
of Bosnia and Herzegovina (FBIH). For many years,
this has been the only institution in BIH that provided
the personal dosimetry service, covering approxi-
mately 70 % of the exposed workers [15]. Now, the
country has three institutions licenced by the State
Regulatory Agency for the Radiation and Nuclear
Safety (SRARNS) to provide such services. The
SRARNS is responsible for the maintenance of the na-
tional register of individual exposures [16].

Several studies have been published with the re-
sults from FBIH. Most notably, a 10-year review from
2010 by Basi¢ et al, as well as the evaluation of occu-
pational exposure in interventional cardiology in 2011
by Beganovié et al., [15, 17]. This study evaluates ad-
ditional five years of dose monitoring data, with the
methodology matching the UNSCEAR 2008 Report,
and makes the re-evaluation of previously published
results using a different methodology [15, 18].

MATERIALS AND METHODS

In this paper, the individual monitoring results
from 1999 to 2013, are summarized. The data is com-
piled to match the UNSCEAR 2008 Report [18]. Dur-
ing the analysed period, the RPC has been equipped
with one thermoluminescent reader (Thermo Scien-
tific™ Harshaw TLD Model 4500 Automatic Reader,
Waltham, MA, USA). It used more than 3000 TLD,
based on the Lithium Fluoride crystal doped with tita-
nium and magnesium to increase the number of traps

and luminescence centres (LiF:Mg,Ti). This material
is known by its trademark name TLD-100™ and is
used in personal dosimetry, as well as the patient do-
simetry [19]. Each dosemeter is equipped with either
two or four separate TLD-100 detectors, enclosed in a
casing with appropriate filters. It is calibrated to mea-
sure the personal dose equivalent at the reference
points of (10 and 0.07) mm, Hp(10) and Hp(0.07), re-
spectively. Its minimum detectable limit (MDL) is ap-
proximately 50 uSv [20].

The dosimeters were calibrated in a secondary
standard dosimetry laboratory (SSDL) in the radiation
field of '*7Cs source. Their individual sensitivity and
reproducibility was determined using an in-house
%0St/°%Y irradiator, specially designed for such pur-
poses. All manufacturer's procedures for the dosime-
ter preparation and readout were followed, including
the annealing recommendation from the IAEA safety
guide [21].

As it is common in personal dosimetry, the TLD
were issued to the users on a strict periodic schedule.
Each user is subscribed to two dosimeters that are used
interchangeably throughout the worker's professional
life. They are replaced only when damaged beyond re-
pair.

Until 2012, all dosimeters were changed once
per month. Since 2013, some users have been classi-
fied as category “B” of professionally exposed work-
ers, in accordance to the legislation promulgated by
the SRANRS in 2011 [14]. This made workers eligible
for the quarterly readout of dosimeters.

The majority of TLD users work in medical
field, specifically, in diagnostic and interventional ra-
diology. In some cases, medical professionals need to
wear protective lead aprons. These workers were in-
structed to wear the dosimeters under the apron. In
special circumstances, where the exposure to the
non-uniform radiation field is expected, professionals
were issued additional dosimeters. This relates to the
medical staff in interventional radiology, cardiology,
and gastroenterology, as well as cardiac surgery,
whom the RPC issued two dosimeters, one to wear un-
der and other above the apron, near the neckline.

The effective dose, E, received by a profession-
ally exposed person is estimated using the available re-
sults of Hp(10), which is an operational quantity used
for the control of effective dose, designed for monitor-
ing the strongly penetrating radiation (photons with
energy above 12 keV) [22]. In special cases, when the
worker is provided with two TLD that are worn under
and above the lead apron, the effective dose is esti-
mated using the measured values from both dosime-
ters, under and over the apron. There are different
ways to make the estimation. The RPC uses a method
described by Niklason et al. although other algorithms
exist and are still being developed [23-26]. The
Niklason's algorithm is not without flaws, mostly be-
cause it leads to the overestimation of the effective
dose [27].
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In order to measure the background dose, we .
used the unexposed control dosimeters located in the
RPC. The value obtained was subtracted from the g 1200
doses measured by the TLD issued to users. That value E
corresponds to the dose in two-month period of back- ; 1000
ground radiation, or background dose during the time §
it takes for the dosimeters to be shipped, distributed, =
used, and shipped back to the RPC. A similar proce- 800
dure was carried out for the dosimeters that were dis-
tributed quarterly. In cases when the reported back- 600
ground was higher, the dose measured on an
“exposed” dosimeter was reported to be O uSv. 200
The final report to the customers has been sent 1998 2000 2002 2004 2006 2008 2010 2012 2014

via post in a hard copy, both to the customers, and to
the SRARNS.

The analysis of the dosimetry data was performed
to match the reports in UNSCEAR Report 2008. In or-
der to assess the impact of high-dose records to the
overall average, the UNSCEAR report introduced the
'number distribution ratio', NRy, defined as

Nr, - NCE)

(1

where N is the total number of persons, and N (>
E) the number of users who received doses higher than
E. In a similar fashion, the annual collective dose dis-
tribution ratio, SRy, is defined as

sk =) ®)

where S'is the collective dose of all workers, and
S (> E) the collective dose of individuals who received
the effective dose above E [18].

The workers are classified according to their
profession (practice): diagnostic radiology (DgR),
interventional radiology (IR), nuclear medicine (NM),
positron emission tomography (PET), radiotherapy
(RT), dental radiology (DeR), veterinary radiology
(VR), and workers in industry (IN).

RESULTS

The results are grouped in three 5-year periods
(1999-2003, 2004-2008, and 2009-2013), classified
according to the professions of exposed workers. Fig-
ure 1 shows the number of TLD users from 1999 to
2013. Atthe end 0f2013, the RPC covered 1,485 users
with personal dosimetry.

In total, the number of annual doses evaluated by
the RPC is approximately 15,000. Figure 2 shows the
annual dose distribution according to the three 5-year
periods. The majority of the annual doses were less
than 1 mSv (96.2 %). Some users received doses
1.00-1.99 mSv/a (3.0 %) and very few doses between
2.00 and 2.99 mSv/a (0.6 %). The doses above 3.00
mSv were recorded in 47 cases, with the maximum an-
nual dose of 10.4 mSv in 2003 for a worker in industrial
radiography.

Year

Figure 1. The increase of number of TLD users in the
FBIH from 1999 until 2013. The number of
occupationally exposed workers covered by the TL
dosimetry increased by 73 users per year (linear
regression curve
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Figure 2. The total number of TLD users who received
the doses below 1 mSv, 1-1.99 mSv, 2-2.99 mSv, and
above 3 mSv in different time periods
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Figure 3. The average annual effective dose in the FBIH
from 1999 until 2013 with 5™ and 95™ percentile bars,
and the median values represented with small dots. The
negative correlation is significant (the Pearson's
correlation test, p <0.001). On average, the dose
decreases by 0.018 mSv per year

Figure 3 illustrates how the average and median
annual effective doses in FBIH were changing from
1999 until 2013, with 5™ and 95 percentile bars.

Table 1 shows the average number of workers cov-
ered by the personal dosimetry per year in an indicated
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Table 1. The number of occupationally exposed persons in the FBIH, /V, covered by the personal dosimetry in different
time periods, and the number distribution ratio, VNRg. The data from Croatia, Greece, Finland, and the World is from
2000-2002 period, as reported in the UNSCEAR Report 2008 [18]

Practice Years A Number of workers® Number distribution ratio

N, Ns Nig NR NRs MRy

1999-2003 527 17 0 0 0.032 0.000 0.000

2004-2008 758 17 0 0 0.022 0.000 0.000

. | 2009-2013 973 3 0 0 0.003 0.000 0.000

Diagnostic Croatia 2570 0.02 0.000 0.000
radiology

Greece* 6430 0.07 0.03 0.01

Finland 4360 0.05 0.01 0.00

World® 6.67-10 0.19 0.02 0.01

1999-2003 51 7 0 0 0.137 0.000 0.000

) 2004-2008 67 9 0 0 0.134 0.000 0.000

Interventional ™59 5113 96 16 0 0 0.167 0.000 0.000
radiology

Croatia 340 0.14 0.03 0.01

Finland 150 0.68 0.30 0.16

Nuclear 1999-2003 39 2 0 0 0.051 0.000 0.000

medicine | 5004-2008 69 7 0 0 0.101 0.000 0.000

2009-2013 89 6 0 0 0.067 0.000 0.000

PET-CT only| 2014-2017 59 3 0 0 0.600 0.000 0.000

Croatia 270 0.22 0.06 0.01

Greece 640 0.16 0.03 0.00

Finland 450 0.08 0.00 0.00

World 120-10° 0.31 0.04 0.01

1999-2003 33 0 0 0 0.000 0.000 0.000

2004-2008 47 0 0 0 0.000 0.000 0.000

2009-2013 83 0 0 0 0.000 0.000 0.000

Radiotherapy| Croatia 270 0.04 0.00 0.00

Greece 370 0.02 0.00 0.00

Finland 320 0.00 0.00 0.00

World 264-10° 0.11 0.02 0.01

2003 23 2 0 0 0.087 0.000 0.000

2004-2008 30 0 0 0 0.000 0.000 0.000

2009-2013 54 0 0 0 0.000 0.000 0.000

Dental Croatia 330 0.00 0.00 0.00
radiology

Greece 40 0.03 0.01 0.00

Finland 100 0.00 0.00 0.00

World 404-10° 0.01 0.00 0.00

2002-2003 2 0 0 0 0.000 0.000 0.000

2004-2008 2 0 0 0 0.000 0.000 0.000

_ 2009-2013 5 0 0 0 0.000 0.000 0.000

Veterinary | a4 50 0.04 0.00 0.00
radiology

Greece 10 0.00 0.00 0.00

Finland 290 0.06 0.01 0.00

World 119-10° 0.03 0.00 0.00

1999-2003 18 10 0 0 0.556 0.000 0.000

2004-2008 68 8 0 0 0.118 0.000 0.000

2009-2013 121 9 0 0 0.074 0.000 0.000

Industry Croatia® 90 0.18 0.07 0.04

Greece® 250 0.17 0.04 0.01

Finland® 360 0.10 0.00 0.00

World 113-10° 0.01 0.00 0.00

1999-2003 674 38 0 0 0.056 0.000 0.000

TOTAL | 2004-2008 1042 41 0 0 0.039 0.000 0.000

2009-2013 1420 37 0 0 0.026 0.000 0.000

*Averaged total number of workers in the indicated time period, "Ny, Ns, and Ny s the average number of occupationally exposed workers who
received annual doses higher than (1, 5, and 10) mSv in the indicated time period, “data includes both diagnostic and interventional radiology,
dreportable level of 0.08 mSv applied when calculating the annual dose, and °data for industrial radiography
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Table 2. The annual effective doses in different practices in the FBIH in different time periods, and the trends represented
with the slope coefficient b and p-value of the Pearson's correlation test. The data from Croatia, Greece, Finland and the
World is from 2000-2002 period, as reported in the UNSCEAR Report 2008 [18]

. E* [mSv] Correlation
Practice
1999-2003 2004-2008 2009-2013 2014-2017 b p

Diagnostic radiology 0.409 0.428 0.282 - -0.017 <0.001
Croatia 0.11

Greece” 0.54

Finland 0.22

World" 0.50

Interventional radiology 0.753 0.555 0.528 - -0.025 <0.001
Croatia 0.66

Finland 4.95

Nuclear medicine 0.553 0.546 0.428 -

PETLCT = ~ - 1.58 -0.018 <0.001
Croatia 0.92

Greece 0.61

Finland 0.21

World 0.73

Radiotherapy 0.324 0.349 0.233 - -0.014 <0.001
Croatia 0.21

Greece 0.19

Finland 0.01

World 0.47

Dental radiology 0.335 0.322 0.309 - —0.008 0.088
Croatia 0.06

Greece 0.20

Finland 0.00

World 0.06

Veterinary radiology 0.681 0.205 0.153 - —0.043 <0.001
Croatia 0.13

Greece 0.07

Finland 0.23

World 0.15

Industry 0.989 0.498 0.411 - -0.048 <0.001
Croatia 1.25

Greece 0.73

Finland 0.30

World 1.48

TOTAL 0.454 0.442 0.317 -0.018 <0.001

“Annual effective dose averaged in a selected period, "data includes both diagnostic and interventional radiology

S-year period, N. The columns in tab. 1, titled N, Ns, and
Ny, show the number of workers who received doses
higher than (1, 5, and 10) mSv per year on a 5-year aver-
age, respectively. Similarly, the columns NR;, NRs, and
NR,, show their number distribution ratio.

Table 2 shows the values of average annual effec-
tive dose, £, in the indicated time period. They are orga-
nized according to different professions. Figures 4 and 5
show how the average annual effective dose was chang-
ing from 1999 to 2013 in diagnostic and interventional
radiology, nuclear medicine, radiotherapy, dental and
veterinary radiology, as well as in industry.

Both tabs. 1 and 2 show the preliminary results
of individual monitoring of workers in positron emis-
sion tomography.

Table 3 shows the values of average annual col-
lective dose, S, for the indicated 5-year period, and
collective dose distribution ratio, SRy.

DISCUSSION

In 15-year period (1999-2013), the number of
TLD users has been increasing steady, with the aver-
age of 73 users per year (fig. 1).

According to the national legislation, the record-
ing level (RL) is set to 0.08 mSv per month, which is in
accordance to the recommendations of the Interna-
tional Commission on Radiological Protection [14,
28]. Until 2013, however, no formal RL was defined,
and therefore no data was excluded in reports. In spe-
cial circumstances, the thermoluminescent dosimetry
could provide the results below this value, but it is very
close to the practical MDL of 0.05 mSv [20].

In the selected 15-year period of individual mon-
itoring no doses above the limit (20 mSv per year)
were reported. The majority of the professionals re-
ceived doses less than 1 mSv/a (fig. 2).

On a 5-year average, none of the workers re-
ceived the annual effective dose greater than 10 mSv
per year. It is interesting to see that the number of those
who received more than 1 mSv per year remained the
same through the years (approx. 40), while the total
number of TLD users doubled (tab. 1). This dispropor-
tional change affects the number distribution ratio
NR1, that changes from 0.056 in 1999-2003 period to
0.026 in 2009-2013. In 2009-2013 the highest NR,
among different professions was in interventional ra-
diology (0.167). This, however, will most likely be
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Figure 4. The average annual effective dose in (a)
diagnostic and interventional radiology, (b) the nuclear
medicine and the radiotherapy, and (c) the dental and
veterinary radiology in the FBIH from 1999 until 2013
with 5™ and 95" percentile bars

changed. The preliminary results, for period
2014-2017, showed that PET-CT procedures could
give rise to the occupational doses in nuclear medi-
cine. During the 3-year period, 3 out of 5
radiographers who work on a single PET-CT unit re-
ceived doses above 1 mSv per year, so the NR, was
0.600 for these individuals only (tab. 1). Their average
annual effective dose is 1.58 mSv (tab. 2), which is the
highest number among all professions. The collective
annual dose of PET-CT workers is 7.91 mSv. If we fol-
low the trend of collective dose and the number of
monitored workers increase in NM, the projected
value of S in general NM in the 2014-2017 period
would be 45.7 man mSv, and the number of monitored
workers would increase to 112. Their average annual
dose would be 0.408 mSv. If the dose reported for 5
PET-CT workers is added to the sum, the collective an-
nual dose would be 53.7 man mSv. The doses received
by PET-CT radiographers and nurses would account
for 14.7% of § in NM and they would increase the av-
erage annual effective dose by 0.050 mSyv, or 12.5%.

It should be noted that the dose highly depends
on technical capabilities of PET-CT department (the
existence and the type of automatic dispensing and in-
jection system, available structural and mobile radia-
tion shielding) and workflow (work organization, ex-
amination protocols, number of staff and procedures,

When compared to other countries in Europe, the
NRy values are in good agreement, but some discrepan-
cies exist. The country discrepancies could be caused
by different work practices, different total number of
exposed workers and variations in dose monitoring
methodology. The number distribution ratio, NRg, for
workers in diagnostic and interventional radiology is al-
most the same for the matching time period in the neigh-
bouring Croatia which has a similar healthcare system
(tab. 1). We observed a big decrease in number of radi-
ologists/radiographers who received doses above 1
mSv in 2009-2013 period (from 17 to only 3). This is
most likely due to the fact that the high dose procedures
and technologies performed in diagnostic radiology (i.
e., barium enema), are replaced with computed tomog-
raphy [29]. The staffis no longer required to work in the
controlled area. On the other hand, the number of
interventional radiologists/radiographers has been in-
creasing.

The NRy in nuclear medicine, radiotherapy and
veterinary radiology are either similar or lower than
the values reported by other countries. In dental radiol-
ogy, however, there have been two individuals who re-
ceived the doses above 1 mSv in 2003. This result is
unusual, because they both worked with the low-dose
intraoral X-ray units. One could conclude that the two
dentists were not following all radiation safety proto-
cols. The NRy in industry had its maximum value in
1999-2003, when almost all exposed workers were in-
volved in the industrial radiography and the non-de-
structive testing of metals. After other workers in the
industry were issued dosimeters, the relative number
of those receiving the dose above 1 mSyv per year has
decreased.
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Table 3. The collective dose, S, and the collective dose distribution ratio, SRE, in the FBIH in different time periods. The
data from Croatia, Greece, Finland, and the World is from 2000-2002 period, as reported in the UNSCEAR Report 2008
[18]

. Collective dose distrib. ratio

Practice Years S* [man mSv] SR, SR. SRio
1999-2003 215 0.067 0.000 0.000
2004-2008 324 0.059 0.000 0.000
2009-2013 275 0.008 0.000 0.000

Diagnostic radiology Croatia 280 0.41 0.16 0.04
Greece” 3460 0.92 0.75 0.53

Finland 940 0.00 0.00 0.00

World" 3300000 0.79 0.48 0.36
1999-2003 38.1 0.310 0.000 0.000
) 2004-2008 37.4 0.252 0.000 0.000
Interventional 2009-2013 50.7 0.376 0.000 0.000

radiology -

Croatia 220 0.79 0.42 0.13

Finland 750 0.98 0.79 0.59

Nuclear medicine 1999-2003 21.5 0.181 0.000 0.000
2004-2008 37.8 0.258 0.000 0.000

2009-2013 38.0 0.190 0.000 0.000

Positron emission 2014-2017 7.91 0.881 0.000 0.000
tomography Croatia 250 0.87 0.48 0.12
Greece 390 0.79 0.32 0.06

Finland 90 0.65 0.00 0.00

World 87000 0.73 0.19 0.07

1999-2003 10.8 0.000 0.000 0.000

2004-2008 16.3 0.000 0.000 0.000

2009-2013 19.3 0.000 0.000 0.000

Radiotherapy Croatia 60 0.53 0.15 0.00
Greece 70 0.87 0.62 0.62

Finland 0.11 0.00 0.00

World 132000 0.70 0.34 0.23

2003 8.03 0.376 0.000 0.000

2004-2008 9.67 0.000 0.000 0.000

2009-2013 16.5 0.000 0.000 0.000

Dental radiology Croatia 20 0.10 0.00 0.00
Greece 0.84 0.54 0.00

Finland 0.00 0.00 0.00

World 24000 0.48 0.26 0.25

2001-2003 1.59 1.000 0.000 0.000

2004-2008 0.49 0.000 0.000 0.000

2009-2013 0.77 0.000 0.000 0.000

Veterinary radiology Croatia 10 0.39 0.00 0.00
Greece 0 0.00 0.00 0.00

Finland 70 0.84 0.38 0.10

World 18200 0.50 0.20 0.10

1999-2003 17.4 0.691 0.000 0.000

2004-2008 34.1 0.386 0.000 0.000

2009-2013 49.9 0.342 0.000 0.000

Industry Croatia 90 0.92 0.79 0.64
Greece 180 0.94 0.49 0.20

Finland 110 0.66 0.03 0.00

World 168100 0.90 0.57 0.35

“Collective dose averaged per one year in selected period. "data includes both diagnostic and interventional radiology

Table 2 shows the values of average effective Itis evident from tab. 2 that the highest doses are asso-
dose in different professions, as well as the trends rep- ciated with the professionals in the interventional
resented with the slope coefficient b of the fitted linear radiology, the nuclear medicine and the industry. Table

curve and the p-value of the Pearson's correlation test. 2 provides the average annual effective doses from
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three European countries and the World in 2000-2002
period, as reported in the UNSCEAR Report 2008
[18]. The reported values vary from one country to an-
other, including the results from our study. In DgR, for
example, the average annual effective dose in
1999-2003 period was found to be 0.409 mSv, which
is almost two times higher than the dose reported in
Finland, and almost four times higher than the dose in
Croatia. On the other hand, the doses in NM are two
times less than in FBIH when compared to the results
in Croatia. Other professions follow the similar pat-
terns. Because the practice is not so different, espe-
ciallyin DgR, RT, DeR, and VR, we can only conclude
that the methods of individual dosimetry used in dif-
ferent countries have a great influence on the reported
doses. The methodology does not only include the
type of dosimeters used, MDL, RL, but also the treat-
ment of missing or unexpectedly high doses, the proto-
col for categorization of radiation workers, the analy-
sis of background doses, etc. This has been a
conclusion of the UNSCEAR Reports 2000 and 2008
[18, 30]. In total, the average annual effective dose for
all professions in FBIH in 2009-2013 period was
0.317 mSv.

Figure 3 illustrates how the annual effective
dose (average and median) in FBIH changes from
1999 until 2013 with 5™ and 95 percentile bars. The
negative correlation is found to be significant (the
Pearson's correlation test, p < 0.001). On average, the
dose decreases by 0.018 mSv per year. The change is
mainly caused by the increase in number of workers
and the significant changes in radiological technolo-
gies.

Figure 4(a) shows how the doses of individuals
working in diagnostic and interventional radiology
have been changing over the years. As expected, the
doses are significantly higher in the interventional ra-
diology (Mann-Whitney U-test, p < 0.001). Although
the radiologists/radiographers in the IR attribute to ap-
proximately 10 % of the workforce in the radiology
departments (tab. 1), their contribution in 2009-2013
period to the overall collective dose in radiology is
more than 15 % (tab. 3), with the average annual effec-
tive dose two times higher (tab. 2).

The reduction trend is significant in both prac-
tices. On average, the doses in DgR and IR have de-
creased by (0.017 and 0.025) mSv in the 1999-2013
period, respectively (tab. 2). The percentile bars indi-
cate the differences in annual doses between the differ-
ent individuals. When the data from the 15-year period
is analysed, the range between 5™ and 95" percentile
was (0.785 and 1.650) mSv in DgR and IR, respec-
tively, indicating that the doses between different
workers in diagnostic radiology are somewhat similar,
while the individuals in the interventional radiology
receive a wider range of doses. The larger dose range
in the interventional radiology can be explained when
the practice itself is closely investigated. In medicine,

there are different image-guided procedures that are
labelled as interventional, not only in radiology, but
also in cardiology, gastroenterology efc.[31]. They are
all associated with different exposure conditions,
mainly caused by the procedure complexity, distance
from the radiation source, and the possibility to use the
radiation protection devices. In turn, the top 5 % of re-
ported annual doses are above 1.72 mSv, which is
more than four times larger than the median value in
the observed 15-year period. In the diagnostic radiol-
ogy, however, working conditions tend to be similar
between the different individuals. Most of the exposed
individuals work in the supervised area, behind the
protective structural shielding, designed to have simi-
lar dose constraint level, usually set to 0.3 mSv per
year, recommended by the International Commission
on Radiological Protection for the members of the
public [32]. Hence, the range between 5™ and 95" is
not as wide as in IR.

Furthermore, we have seen a significant im-
provement of imaging technology in the diagnostic ra-
diology. In the 2000, slow calcium tungstate intensify-
ing screens were replaced with faster rare-earth ones
[33]. Later, during the next two decades, some of the
X-ray units were digitized by the computed or the di-
rect digital radiography. We have to bear in mind that
the great majority X-ray equipment in B&H has not
been renewed in the 90 [34]. The technological im-
provement coincides with the increase in number of
workers. Thus, both factors lead to the reduction of av-
erage annual doses.

Figure 4(b) shows the dose data in nuclear medi-
cine and radiotherapy. In FBIH, there are five hospi-
tals with nuclear medicine department and four that
provide the radiotherapy services. In 2009-2013 pe-
riod, less than 90 individuals were associated with
each of these two practices (tab. 1). The RT utilizes the
medical linear accelerators and the radioactive sources
to deliver high doses to a carefully selected tissue vol-
ume. While doing so, no worker is allowed in the con-
trolled area, as the occupational doses could easily go
above the threshold levels [35]. Thus, the workers in
radiotherapy receive the doses lower in comparison to
those received in other medical branches. Apart from
the ionizing radiation transmitted through the struc-
tural shielding, the workers (usually RT technologists)
are exposed to the radiation emitted by the radioactive
elements induced in the treatment room by an 18 MV
accelerators [36, 37]. Over the 15-year period there
has been a significant trend of the average annual dose
reduction amongst the radiation therapists, most likely
because of the increase in number of workers (Table
1), but also because the lower number of procedures
performed at telecobalt machines, which allow a cer-
tain amount of leakage radiation in 'off' position [38].
In the following years, it will be interesting to see
whether the introduction of new RT techniques, such
as the intensity modulated radiation therapy (IMRT)
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and the volumetric arc therapy (VMAT), that utilize
lower photon energy, will affect the occupational dose
[39].

Unlike in diagnostic radiology and radiotherapy,
the workers in nuclear medicine might be exposed to
the unsealed sources of ionizing radiation, which are
usually in liquid form. This puts them in a risk of radio-
active contamination [40]. The technetium-99m is
used in 80 % of all NM procedures worldwide [41]. In
1999-2013, this percent was even higher in FBIH,
where no NM department owned a PET or PET-CT
unit, or worked with the high activity (~3.7 GBq) of io-
dine-131 used in the ablation treatment of the thyroid
cancer. The effective doses received by the NM work-
ers can range widely between the different individuals,
just like in the case of the IR. The highest doses are re-
ceived by the staff performing the daily elution of
Mo-99/Tc-99m generator. The range between 5™ and
95t percentile was found to be 1.27 mSv during the
observed 15-year period. Although the calculated av-
erage effective dose is lower in NM compared to the
IR, there is no significant difference in the dose distri-
bution between two practices over the 15-year period
(Mann-Whitney U-test, p = 0.071).

Figure 4(c) provides the results of dose survey in
dental and veterinary radiology from 2001 to 2013.
Overall, the doses in dental radiology are slightly, but
significantly, lower than the doses in general diagnos-
tic radiology (Mann-Whitney U-test, p < 0.001), with
the average of 0.315 mSv in the 15-year period com-
pared to 0.361 mSv in DgR. However, in the latest ob-
served period this has not been the case. While the
doses in DgR decreased, the situation in DeR has not
changed much. This is the only profession with no sig-
nificant decrease in the individual doses in 1999-2013
period. The majority of professionally exposed den-
tists are self-employed and use the intraoral X-ray
units that they themselves operate. Over the 15-year
period no major changes happened. It will be interest-
ing to see whether the introduction of cone beam com-
puted tomography (CBCT) in dental practice will
make significant changes in the occupational exposure
in the years to come [42].

The lowest doses in FBIH are associated with the
veterinary radiology (tab. 2), with the average 0o 0.251
mSv in the observed 15-year period. This is signifi-
cantly lower than the doses in the radiotherapy in the
same period (p = 0.008).

The doses in the industry have decreased over
the years, on average by 0.048 mSv per year (fig. 5).
There are two possible reasons. One of them is the de-
cline in the demand for the industrial radiography in
the years after the post-war reconstruction in BIH, and
the other, which is more plausible — more individuals
are categorized as the exposed workers and issued the
dosimeters, while their doses are below 0.5 mSv per
year. In 1999-2003, the number of recorded annual
doses that were below 0.5 mSv in industry, was 40 or

46 %, while in 2009-2013, that number increased to
475 or 78% of the total number of annual doses evalu-
ated in that period. Their number reached a maximum
in 2011 when 138 persons were issued a dosimeter,
while in 1999 only 11 had been classified as the profes-
sionally exposed persons. This trend could be seen in
tab. 1, where the number N, is not changing over the
years (approx. 10 workers with annual doses above 1
mSv), while the average annual number of individuals
in industry has increased from 18 in 1999-2003 period
to 121 in 2009-2013. This affects the average annual
effective dose, the number distribution ratio, and the
collective dose distribution ratio.

Table 3 shows how the collective dose and the
collective dose distribution ratio compare to the se-
lected countries. In 2009-2013 period, the collective
dose in diagnostic radiology was 275 man mSv, which
is 7 times higher than the dose in nuclear medicine, or
14 times higher than the collective dose in radiother-
apy.

The finger and eye dosimeters have not been in-
troduced. Meanwhile, we have seen the new advance-
ments in the diagnostic and the therapeutic use of the
ionising radiation. At the end of 2013, the Clinical Cen-
tre of Sarajevo University began performing the PET
diagnostic procedures and the ablative radioiodine ther-
apy [43-45]. On the other hand, the number of proce-
dures in the interventional cardiology has been increas-
ing ever since — in the Clinical Centre of Sarajevo
University, as well as in other hospitals in BIH [17].
This emphasised the need for finger and eye lens dosim-
eters.

CONCLUSION

During 1999-2013, no exposed worker in the
FBIH received a dose above the professional exposure
dose limit. The maximum reported dose was 10.4 mSv
for a worker in the industrial radiography. In the
15-year period, the number of TLD users has been in-
creasing steady, with the average of 73 users per year.
In total, the average annual effective dose in
2009-2013 period for all professions in FBIH is 0.317
mSv. The doses received by the workers in all profes-
sions have decreased by 0.018 mSv per year on aver-
age over the 15-year period. In 2009-2013 period, the
highest collective dose was reported in the diagnostic
radiology, where the majority of monitored individu-
als work. The number of radiologists/ radiographers
who received the doses above | mSvin 2009-2013 pe-
riod dropped from 17 to only 3. The preliminary re-
sults showed that the introduction of PET-CT could
give the rise to the occupational doses in nuclear medi-
cine. The licencing of new technical services for the
individual dosimetry liberalized the market, while the
SRARNS became responsible for the record keeping
of the dose data. The subsequent analysis should be



B. Basic¢, et al.: Fifteen Years of Occupational Exposure Monitoring in the ...
404 Nuclear Technology & Radiation Protection: Year 2018, Vol. 33, No. 4, pp. 395-405

performed on the national level, either through the
SRARNS, or in cooperation with other dosimetry ser-
vices in the country.
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Bberzana BAIIWh, Annan BETAHOBWH, Maja TA3ANK-IIAHTUR,
Awmpa CKOIIJbAK-BETAHOBWR, [1aopun CAMEK

INETHAECT IN'OJUHA HAO30PA NMPO®PECHUOHAJ/IHE HN3J10XEHOCTHU
JOHM3YJYREM 3PAYEDLY Y ®EJEPAIININ BOCHE N XEPHEIOBUHE

JInuna posumMerpuja y BocHun n XepueropuHu mouena je y LiesfeceTuMm roguHama. Hakon
KpaTKOr IpeKufa y AeBeleceTuM, ycayre go3umeTpuje cy ce HacraBmie 1999. ropune. 1o 2013. rogune
Llenrap 3a 3amTury off 3padewa MHcTHTYTA 32 jaBHO 3ApaBcTBO Penepanuje boche n Xeprerosune 6mo je
jemwHa ycTaHOBA y AP>KaBU KOja je mpysKamna oBy Bpcty ycayra. Y 2013. roguanm oBaj LlenTap mokpusao je
Bute o 70 % (1485) npodecnoHanHO H3TOXKEHNX JINIA Y 3eMJbH. Y MEINIMHCKAM yCcTaHOBaMma pajau 95,4
% (1417), nok cy fpyru U3JI0KeH! jOHN3yjyheM 3padery y HHAYCTPHjU 1 BeTepUHAPCKOj pagnonoruju. Op
1999. no 2013. rogune BehnHa ropuimux 103a 6wmia je Mamba o 1 mSv (96,2 %), a HUTH jelaH paIHUK HUje
npumuo o3y Behy ox 5 mSv. Hema perucrpoBaHmx ciyvaja mpekopaderma ropuimer sumuTa (20 mSv).
AHanu3za pesyiTara NoKasyje CMambebhe JTUUHUX 032 Y nocnemux 5 roguHa. HoBoysefeHe TeXHUKE Yy
MEJIUIMHY, KaKBa je HO3UTPOHCKA eMUCHOHA ToMorpaduja, MOTy JOBECTH 0 MoBehama fo03a y HapegHuUM
rofgvHama.

Kmwyune peuu: iipoghecuonanna excilo3uyuja, 003umemipuja, itepmosyMuHUCUeHIHA 003umeilipuja



