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Monte Carlo simulations and dose measurements were performed for radionuclides in the
whole body and trunks of different sizes in order to estimate external radiation whole body
doses from patients administered with radiopharmaceuticals. Calculations were performed
on cylindrical water phantoms whose height was 176 cm and for three body diameters: of
24 cm, 30 cm, and 36 cm. The investigated radionuclides were: 2°™Tc, 1311, 231, 67Ga, 20171,
and 111In. Measured and MCNP-calculated values were 2-6 times lower than the values calcu-
lated by the point source method. Additionaly, the total dose received by the public until a
radionuclide is completely disintegrated was calculated. The other purpose of this work is to
provide data on whole body and finger occupational doses received by technologists working
in nuclear medicine. Data showed a wide variation in doses that depended on the individual
technologist and the position of the dosimeter.
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INTRODUCTION

Patients administered with radioactive materials
are retained in hospitals after diagnosis or treatment; the
length of their retention depends on the level of radiation
so as to ensure that the whole body radiation doses that
are likely to be received by the public do not exceed the
established limits. While patients administered very
short-lived diagnostic radiopharmaceuticals like *™Tc
may be released immediately, those with therapeutic
sources of longer effective half-lives and a high specific
gamma ray constant like 13T are retained for a few days.
Patients with sources of intermediate half-lives and inter-
mediate specific gamma ray constant, such as °’Ga, ''In,
and 2°!'T1, may or may not be retained and the decision is
made on a case-by-case basis [1].

A recent ICRP publication [1] recommends that
young children, visitors and individuals not engaged
in the direct care of patients should be treated as
members of the public where a whole body dose limit
of 1 mS per year is applied. Accordingly, a good esti-
mate of the dose from the patient must be made for
dose assessment. Overestimations of the radiation
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dose can lead to an unnecessarily prolonged stay in the
hospital, while the extra cost can put a burden and
cause discomfort to the patient. Moreover, overesti-
mation can be associated with an extra dose to the
medical staff. The recommendation is that the decision
to hospitalize or release a patient should be made on an
individual case basis [1, 2].

The calculation method suggested in US Regu-
latory Guide 8.39 [3] on the release of radiation pa-
tients administered with radioactive materials, based
on NRC Regulation 10 CFR 35.75 [4], views all activ-
ity inside the patient as a point source subject to the in-
verse square law; physical half-life is considered in-
stead of the effective half-life. This method of dose
calculation used by some researchers [5, 6], has been
questioned in a recent IAEA safety report [2] and by
many other investigators [6-9], as well. In point source
calculations, self-absorption and buildup of radiation
within the patient's body are neglected. Buildup and
self-absorption depend mainly on the radiation energy
and body size. The reference values for the body
height of European adults were taken as 176 cm for
males and 163 c¢cm for females [10, 11]; data for some
Asian populations [12, 13] are also available.

Local customs should also be considered when the
protection of the public is concerned. In breastfeed, an
infant will receive a major dose due to close contact with
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the mother administered with radiopharmaceuticals [ 14].
In order to provide appropriate instructions and a better
design of hospital facilities such as waiting rooms, the
dose received by the public was studied by many re-
searchers[5, 7, 14, 15]. Because '3'Tis more harmful than
other radioactive elements, it has been subjected to more
investigation [7-9, 16, 17]. The guidance for working
with patients administered with unsealed radioactive ma-
terials was given in ICRP 94 [1].

In this work, MCNP codes were used for whole
body dose calculations to be compared with the mea-
sured values, so as to study the effect of the body size
on the dose from the patient and for comparison with
point source calculations. This approach can lead to a
better understanding and assessment of the dose to
workers and the public. It can also provide appropriate
instructions for caregivers and medical staff and result
in a more economical practice.

Data recently released by the International Com-
mission of Radiological Protection on the radiation
protection of nuclear medical staff was provided by
Vano [18]. The occupational dose significantly in-
creases when the technologist works in close proxim-
ity to the patient during the injection or transfer
to-and-from a trolley [ 19]. Another recent study on the
radiation dose to the medical staff provided by
Studbrock et al., [20], concluded that the upper limit
dose may be reached due to close contact with '3'1 pa-
tients. The dose to the hands has been assessed by
many investigators [21-24], and many studies have re-
ported high doses. Furthermore, contamination in nu-
clear medicine, even if it is minor, can lead to a major
dose at an extremity [25].

There is relatively few data on occupational
doses from developing countries [26-29], meaning
that more data is needed, especially from the Middle
East. Data presented here refer to the doses received
by radiation workers in nuclear medicine.

METHODS

MCNP calculations of external
doses using phantoms

To evaluate the external whole body dose from
the patient, calculations were performed on cylindrical
water phantoms with a height of 176 cm [10] and for
three body diameters: 24 cm, 30 cm, and 36 cm. The
multipurpose MCNP-5 code [30] was used for *™Tc,
1317231 67Ga, 201T], and ''In sources. All of the cited
sources are diagnostic imaging sources, with the ex-
ception of 13'T which is both a therapeutic and a diag-
nostic source. Because in many diagnostic procedures
radiopharmaceutical elements accumulate in trunk or-
gans, calculations were also performed at the height of
65 cm (37% of the total height, according to ICRP 89
[10]), for diameters identical to those cited above. The

radioactive source was assumed to be homogeneously
distributed inside the phantoms in the first model and
as a point source at the center of the cylinder in the sec-
ond model. Dose rates were calculated at 0.05 cm and
100 cm away from the surface of the phantom and
along the line perpendicular to the symmetry axis of
the phantom from its middle. Comparisons were made
with bare-point-source-calculated values [32] and
with measured values. The ANSI/ANS flux-to-dose
rate conversion factors were considered [31]. Gamma
ray energies and their corresponding intensities were
obtained from Unger and Trubey [32]. A total of 107
histories were considered, which leads to a maximum
relative standard deviation of 1.5%.

Measurements of the external
dose from patients

The measured values were obtained after adult
male patients were administered with radiopharma-
ceuticals; the external doses were measured in contact
(1-5 cm from the surface of the body) at several locations
ofthe body and at 1 meter away. The direct radiation dose
rate was measured using GR 130M, supplied by
Exploronium, Canada.

Occupational dose measurements

The integrated external doses to technologists
were measured using LiF TLD-100 dosimeters which
were used for both body monitoring and finger dose
measurements. A Harshaw-4000 system chip reader was
used for the TLD evaluation. Three TLD cards were sup-
plied to each technologist. One TLD card was worn on
the upper front (chest), one at the waist and one on the up-
per back (rear neck). The technologists were also given
finger TLD chips to measure the finger doses.

The measurements were performed at King
Abdulaziz University Hospital in Jeddah, Saudi Ara-
bia, which has a capacity of 500 beds. Radiation and
radionuclides were used for both diagnosis and ther-
apy. The preparation room was equipped with safety
equipment that included body shields, bench shields,
vial shields, syringe shields and holders, waste mod-
ules and disposable containers. The room was also
equipped with a calibrator and a fume hood with
proper ventilation.

RESULTS AND DISCUSSION

Calculated and measured
doses from patients

Figure 1 shows the calculated dose rates in
(nSv/h)/MBq at 1 m for the cylindrical body phantom,
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Figure 1. MCNP-calculated, bare-source-calculated,
and measured Tc-99m dose rates at 1 m
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Figure 2. Measured Tc-99m dose rates at 1 m

cylindrical trunk phantoms, a point source at the center
of the phanton, a bare point source and the measured
values for **™Tc. No significant difference was ob-
served when the source was a whole body or a trunk of
uniform distribution or a point source at the center of
same diameters. The dose decreased when the diame-
ter (thickness) increased, because more absorption oc-
curred in the body. The measured value was the aver-
age of the values obtained for the bone, thyroid, renal,
and cardiac examinations shown in fig. 2. The values
of some measured doses obtained from literature are
also shown in fig. 1 [20, 33-35]. The work by
Mountford and O'Doherty [35] summarized the results
of the other authors; accordingly, two dose values in
the graph are from these authors. The value given by
Ejiri [33] was the average of many values taken at dif-
ferent positions of the dosimeter, with variations of
+35%.

Except for a single measured value shown in fig.
1, dose calculations of a bare point source are more

than 3 times the measured values and the MCNP-cal-
culated ones. Measured and MCNP-calculated values
are close, indicating that the models used for the calcu-
lations were appropriate. The difference between the
bare source and MCNP calculations or measured val-
ues strongly depends on gamma ray energy. With
lower energy, more absorption occurs in the body. The
correct dose assessment of individuals near the patient
should also consider radionuclide half-life. ®™Tc is
widely used in nuclear medicine, but because of'its rel-
atively short half-life of 6 hours, the hazard associated
with it is more significant to radiation workers than the
public.

The doses at 1 m for ’Ga and 2°!' T are shown in
figs. 3 and 4. Generally, similar conclusions were ob-
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Figure 3. MCNP-calculated, bare-
source-calculated, and measured Ga-67 dose rates at 1 m
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Figure 4. MCNP-calculated, bare-source-calculated,
and measured TI-201 dose rate at 1 m
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Figure 5. MCNP-calculated, bare-source-calculated,
and measured In-111 dose rate at 1 m

tained: the dose decreased when the cylinder thickness
increased, but was almost independent of the cylinder
height. Except for one measured value, the bare source
provides approximately twice the dose as that of a cy-
lindrical phantom of 30 cm and more than that of a
thicker phantom. The effective half-lives of °’Ga and
201T] are approximately 3 days. Accordingly, they stay
longer in the body and give more doses.

For '"In, fig. 5 shows that the bare source dose
value was approximately 3.5 times the MCNP values and
more than that for the measured values. The source emit-
ted 245 keV at 94%, 171 keV at 90% and 23 keV at 69%;
the last gamma energy of 23 keV easily absorbed into the
body gave a dose lower than those from a bare source.
The source effective half-life is 2.8 days, necessitating
realistic calculations for dose assessments.

The dose values for '3'T are shown in fig. 6. The
source emits 365 keV gamma ray at 82%; the MCNP
value was approximately half that of a bare source.
The source is widely used for therapy with a long ef-
fective half-life of approximately 7.6 days. It is ex-
tremely important that a realistic estimate of the dose
from patients is made in order to avoid longer than
necessary hospitalization or a premature release.

The dose rate of the '2*I bare source is almost 4
times the value calculated using MCNP (fig. 7) or the
value measured by Ejiri et al., [33]. The source emitted
159 keV at 89% and lower gamma rays of 27 keV and
31 keV at 70% and 16%, respectively. The lower
gamma rays were absorbed into the body before reach-
ing the outside, which made the bare source value
much higher. Because of this big difference in dose
values and the effective half-life of approximately 12
hours, a realistic dose estimate is necessary. Figure 8
shows the comparison between the MCNP-calculated
and bare source calculated dose rates.
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Figure 6. MCNP-calculated, bare-source-calculated,
and measured I-131 dose rate at 1 m
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Figure 7. MCNP-calculated, bare-source calculated, and
measured 1-123 dose rate at 1 m

Contact dose rates are important for assessing
the doses to infants [15], patient spouses and other
members of the family [8, 9]. The measured values
showed significant variation, depending on the mea-
sured position on the body. Measured contact dose
rates for ™Tc relative to this work and other studies
are shown in fig. 9. The values obtained in this work
were acquired at the highest contact point for different
diagnostic examinations. The thyroid had the highest
measured value because the neck has the smallest
body attenuation. Dose values given by Ejiri et al.,
[33] were the average of four values at a point close to
the spine for **™Tc-ECD. Dose rates measured by
Mountford and O'Doherty [35] were obtained at 10 cm
from the body.
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calculated dose rates at 1 m
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Figure 9. Tc-99m measured contact dose rates
Calculated public and

occupational doses

The period of time during which a patient must
stay in the hospital can be decided based on dose com-
mitment, which is the total dose received until the
radionuclide is completely disintegrated, given by

_Dy

AE
where D is the total dose, Dy—the initial dose rate, and
Ag — the effective disintegration constant. If a patient
remains hospitalized for a time ¢ and is discharged
from the hospital afterwards, the total dose received by
others is given as

D (1)

Dy exp(—Agt)
AE

The total dose at 1 m and the total contact dose in
eq. (1) are shown in tab. 1 by taking a round figure
dose rate from the graphs. This round value is close to
the measured value or/and MCNP values. The indica-
tive example activity is also provided in the table. For a
patient administered with 700 MBq of *™Tc, the total
dose at 1 m is approximately 90 uSv and the total con-
tact dose is approximately 1.8 mSv. A patient adminis-
tered with 200 MBq of '3'I for imaging will have a to-
tal dose of 2.1 mSv at 1 m and 79 mSv in total contact;
contact doses were estimated from data found in litera-
ture [20, 35]. High doses were observed for *'I and
T, However, a realistic dose estimate can only be
obtained by understanding the specific habits, social
life, transportation and work of the patient. A close
contact with a *'T or ''!In patient can easily lead to a
dose that is above the constraint [1]. The recommenda-
tion is that the dose received by young children, in-
fants and individuals not engaged in the direct care of
the patient should not exceed that of the public, i. e,
that of 1 mSv per year. A dose can easily exceed this
limit if proper precautions are not taken [8, 9].

D ©)

Occupational radiation dose
to nuclear technologists

Table 2 shows whole body integral doses received
in 19 weeks by each of the 3 nuclear medicine technolo-
gists; the doses were recorded using TLD chips at 3 po-
sitions of the body. Approximately 25-30 patients were
treated per week. The differences between the obtained
values can be attributed to many factors that should in-
clude the personal habits and skills of the technologist
administering the radiopharmaceuticals and caring for
the patients, their body size (in particular, height of the
technologist), the position of the dosimeter and his/her

Table 1. Dose commitments at 1 m and contact dose commitment

Effective|Initial dose rate at Dose Initial contact dose| Contact dose |Indicative Dose Contact dose
half-life 1 m Commlltgem at rate commitment | activity |commitment| commitment
(] | [(uSvhOMBq ]| qompgy | [0SV OMBq '] | [uSvMBq ]| [MBd] Jat 1 m [uSv]|  [uSV]
9ImT 6 0.015 0.13 0.3 2.6 700 91 1820
PI (imaging)| 182.4 0.04 10.5 1.5 395 200 2100 79000
Ga 70 0.015 1.5 0.45 300 46
| 57.6 0.01 0.83 0.3 200 166
M 67.2 0.04 3.9 1.5 200 776
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Table 2. Whole body occupational doses for nuclear
technologists over a period of 19 weeks and finger doses
received in 8 weeks

Occupational doses for 19 weeks

Technician | Upper back Waist Upper front
no. [mSv] [mSv] [mSv]
1 0.52 0.912 0.27
2 0.49 0.28 0.33
3 1.00 0.63 0.33

Occupational finger doses for 8 weeks
Finger dose [mSv]

Technician no.

1 10.77
2 2.76
3 0.778

ability to communicate with the patient. All technolo-
gists included in this study were of international origin
and did not speak the language of the patients entrusted
to their care.

Table 2 shows the doses obtained from using fin-
ger TLD chips for over 8 weeks. The first technician
(no. 1) received much higher doses than the others.
The annual value if the same dose rate was to remain
would amount to approx. 67 mSv. If the actual dose to
the fingertip is 5 times the values recorded using the
finger dosimeter [23], the actual annual dose would
amount to approximately 335 mSv.

CONCLUSIONS

Figure 1 and figs. 3-7 show that the measured
values of the whole body dose rates in this and other
relevant studies are close to MCNP-calculated values.
Figure 8 shows the significant difference between the
MCNP-calculated and bare source calculated doses.
Point source calculations [3] highly overestimate the
dose. The data presented here can be used for a better
estimation of the dose to the public and radiation
workers, particularly since patient body size was taken
into consideration. The dose values at 1 m depended
mainly on body thickness instead of height; better
dose estimation can be obtained based on the specific
size of individual patients.

The committed dose per MBq at 1 m (tab. 1) for
31T and '"'In was 10.5 and 3.9 pSv/MBq, respectively.
These are high doses and special attention needs to be
paid to patients administered with the said
radionuclides. A typical indicative committed total
dose received by a caregiver in prolonged close con-
tact to a patient during a diagnostic procedure will be
approximately 2 mSv and 0.8 mSv for each of the men-
tioned radionuclides, respectively; the actual dose re-
ceived will depend largely on the time spent near the
patient. Accordingly, staying in close proximity to the
patient for a long time must be avoided. The other
radionuclides rendered less significant total doses.

The body and finger occupational doses for tech-
nologists provided in tab. 2 showed a wide variation
that depends on the individual technologist and the po-
sition of the dosimeter. These doses can be signifi-
cantly affected by the practice, skill and habits of indi-
vidual technologists. Lower doses were recorded by
the dosimeter placed in the upper chest, while higher
doses were recorded by the dosimeters placed near the
waist and the upper back, which can be attributed to
the practice followed. Receiving the highest dose of
approximately 1 mSv in 19 weeks, the annual dose can
amount to approximately 2.6 mSv which is well below
the occupational limit.

The highest finger dose recorded was approxi-
mately 11 mSv for 8 weeks; the annual dose is approxi-
mately 67 mSv or 335 mSv after a multiplication of 5
for the fingertip dose [23]; although it is below the ex-
tremities dose limit of 500 mSv per year, it is still much
too close to it. Proper monitoring of technologists'
practices is needed; those with higher doses compared
to others assigned the same tasks should be closely
monitored.
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Aonya Paxum KUHCAPA, Camup ABAY/JA-MAIIINA, Baen EJT-TAMAIJL
Tapnk AJJIBATIAIN, Aonynapaop MAUMAHMU, Bammg X. ABYJIPAPAIL

CIIO/JbAIIILE N3JIATAIBE JO3AMA O PAIMOPAPMAKA AIIIMIINPAHUX
NAIMJEHTUMA - MEPEIbA 1 MOHTE KAPJO CUMYJIAIMJA

O6aBmene cy Monte Kapiio cumynanuje n Mmepema pacrnopielie pafuoHyKINAa y IeJIOM Tely,
Kao ¥ Y NOjeIMHAYHUM JIeJIOBUMA Pa3IMIUTUX TUMEH3HUja, KAKO O ce MPOLCHWIO CIOJbAILE U3JIararmhe
jo3aMa of papuocpapMaka amuIMpaHuX NanujeHTHMa. 3a OpopaydyHe cy KOopulrheHW LUIMHAPUYHU
BojieHN (paHTOMHU BucHHE 176 cm um Tpm paznmunta npevynmka: 24 cm, 30 cm n 36 cm. McnutuBanmn
paguonykmumu cy: P™Te, B, I, “Ga, °'Tl u "'In. M3mepene BpegHocTu u oHe nodujene MCNP
CHMYJIAIjOoM OWJIe Cy MIBa IO IIECT IyTa HUKE Off BPEIHOCTU U3PAUYHATHX METOJOM TauyKacTOr M3BOpa.
Oppebena je yKynHa crosbaliba 032 10 TPEHYTKA y KOjeM je PagMoOHYKJIIU/ MOTIYHO JIe3UHTEIPHUCaH.
Jlpyru ub OBOT paja je fla ce MpruKaXKy Mofjay 3a e(heKTHBHY A03Y U 103y 32 IIIaKe TeXHNIapa KOoju pajie Ha
ofiebeIMa HyKJIeapHe MeTuIuHe. Pe3yinTaTu cy moKka3asy IMIpOK PacIoH /1034, IITO 3aBUCH Of BEIITHHE
TeXHAYapa U MOJIOKaja HOIICHha JO3MMEeTpa.

Kwyune peuu: 0osa 3pauersa, paouogapmax, MCNP




