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Abstract

Time-course study of individual dose equivalents of 2-deoxy-2-[F-18]fluoro-p-glucose positron emission tomography (‘*F-FDG
PET) was conducted in different hospital workers, and the daily work duties were analyzed. For the measurements, a semicon-
ductor dosimeter was used. The values at intervals of 1 min and 1 h, the monthly cumulative and daily cumulative doses, and
trend graphs were acquired with dedicated software and displayed on the reader. The following radiation workers with duties
involving maximum external exposure work were included: doctors making diagnoses (4.8 pSv/procedure), nurses removing
injection needles (3.1 pSv/procedure), pharmacists performing quality control tests (2.9 pSv/procedure), nuclear medicine
technologists assisting patient positioning (6.5 pSv/procedure), and cyclotron engineers performing daily checks (13.4 pSv/
procedure). The results of analysis of daily work duties revealed the influencing factors of external exposure dose. To reduce
the external exposure dose, investigators should shorten the patient’s contact time with the '®F-FDG source or patient tracer.

Keywords '8F-FDG PET - Radiation workers - Si solid-state detector

1 Introduction In Japan, personal dosimeters are used for measuring

the external exposure dose of workers, in accordance with
the ordinance on prevention of ionizing radiation hazards,
and radiophoto luminescence glass dosimeters (RPLD) [8]
or optically stimulated luminescence dosimeters (OSLD)
dosimeters [9] are commonly used for monitoring individual
workers.

In workers who undergo exposure for 20-30 years, the
doses are recorded on a daily or monthly basis. Female
workers require stronger protection against radiation expo-
sure. Annihilation level of radiation is emitted in patients,
and the exposure dose may increase during removal of the
needle and medical assistance. In this study, to estimate
the effective dose, Hp(10), the personal dose equivalent

= ;ﬁgugh?;‘i'gi‘:iac o of 2-deoxy-2-[F-18]fluoro-p-glucose ("*F-FDG) PET was

Recently, the environment of radiation workers has changed
because of the improved performance of positron emission
tomography (PET) system [1] and new acquisition meth-
ods [2]. Previous reports have described personal radiation
monitoring of medical staff [3—6], but re-evaluation of that
is necessary in the current environment. Automatic injectors
used in current systems [7], and shielding with lead glass
and new acquisition methods have shortened the acquisition
time, which reduces the penetration dose, even when the
observation window does not provide complete protection.

4
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measured in radiation workers at four different PET facili-
ties, including the improved radiation workplace, at intervals
of 1 min or 1 h, and the values obtained were analyzed using
a time study method.

2 Materials and methods

D-shuttle (Chiyoda Technol Corp., Tokyo, Japan) [10]
semiconductor dosimeter with Si solid-state detector was
used for the measurements (Fig. 1). Si solid-state detectors
have been used in pocket dosimeters for about 30 years [11,
12], and the D-shuttle has provided improved reading [13].
The improvements can be analyzed only with the newly
developed dedicated reader (Fig. 1); moreover, D-shuttle
has an advantage of enabling dose maintenance under long-
term monitoring for 1 year. The energy range of individual
dosimeter is 80 keV to 1.2 MeV, with an energy dependence
of +30%, and calibration is done with '3’Cs [14]; whereas,
D-shuttle can detect 511 keV of annihilation radiation emit-
ted by the positron-emitting radionuclides of 'SF.

RPLD and OSLD were used to estimate the integral effec-
tive dose for 1 month, but those devices did not estimate the
hourly integral effective dose.

In all workers, the D-shuttle was attached to the worker’s
chest and exposure doses were measured continuously for
24 h over 3 months, from May 2017 to July 2017. Minute-
interval, hourly, monthly cumulative, and daily cumulative
doses and trend graphs were generated by the instrument’s
software. The participants included five types of radiation
workers: cyclotron engineer, pharmacist, doctor, nurse, and
nuclear medicine technologist. Under consideration that
BG measurement may be affected by elevated background
radiation, the dosimeter for BG measurement was stored in
a monitoring room with thick walls to reduce the negative
influence by radiopharmaceutical. The attribution analysis
of Hp(10) was conducted using the trend graphs of the

Fig.1 The semiconductor personal dosimeter and reader. Personal
dose equivalent Hp(10) for each hour can be displayed as a trend on
the reader

minute-interval or hourly dose from the dosimeter accord-
ing to the records of the work procedure. The work content
was recorded on record sheets for each minute. The roles
of the workers performing routine work were as follows:
the cyclotron operator was in charge of manufacturing the
radionuclide, and making adjustment and checking of the
cyclotron every 3 months, the pharmacist performed '*F-
FDG synthesis, drug distribution, and quality control tests,
the doctor conducted medical examinations and admin-
istered '®F-FDG injections, the nurse provided medical
assistance, and the nuclear medicine technologist oper-
ated the PET/computed tomography (CT). The different
types of radiation workers (cyclotron operator, pharmacist,
nurse, medical doctor, and nuclear medicine technologist)
were investigated at Hospital A. The Hp(10) values of the
nuclear medicine technologists at four different hospitals
(A, B, C, and D) were compared; in Hospital A, ordinary
induction and positioning was used; in Hospitals B and C, a
lead glass shield was used next to the PET/CT; in Hospital
D, induction and positioning on a bed was done using an
intercom and a lead glass shield. A lead glass shield was set
parallel to the inspection bed in front of the operation but-
tons. The monitoring data of personal dose of the workers
at each institution were evaluated by the same investigator.

Data of about 20 days in the study period were analyzed
during which routine work was performed with approxi-
mately equal time. Routine work prioritizes patient safety
and comfort. To ensure this work standard, eight patients
were accepted for examination per day; those with serious
illness were excluded because their symptoms were mark-
edly different, and medical care was more important than
obtaining measurement values.

Events of accidental possession of devices and mobile
phones with high frequency electromagnetic fields [15]
related to break of data stream were removed. The Hp(10)
values were analyzed using JMP 9.0 software (SAS Insti-
tute Japan Inc., Japan). One-way repeated-measures analy-
sis of variance (ANOVA) with post-hoc test by differences
in least squares was used to compare the Hp(10) values
of the nuclear medicine technologists at the four different
hospitals. Probability values < 0.05 were considered as
statistically significant. Systems and procedures used at
each hospital are shown in Table 1.

The study was approved by the Ethics Committee of
Hirosaki University Graduate School of Heath Sciences
(2017-014).

3 Results
The average radioactivity of !|F-FDG was

294.6 +42.5 MBq. Approximately 160 patients were
monitored at each hospital. The changes in average dose
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Table 1 Systems and inspection procedures at each hospital

Hospital Cyclotron Dosage calculation Quit room (waiting ~ Automatic dispensing injector
time: min)
A HM-20S-V (Sumitomo 4 MBg/kg 60 AI300 (Sumitomo Heavy Industries, Ltd.)
Heavy Industries, Ltd)
B - 185 MBq (calibration time) 50-60 UG-01 (Universal Giken)
C - 185 MBq (calibration time) 60 UG-01 (Universal Giken)
D CYPRIS HM-18-R-B 5 MBqg/kg 90 M130 (Sumitomo Heavy Industries, Ltd.)

(Sumitomo Heavy
Industries, Ltd)

The calibration time is 09:00, 12:30 and 15:30

according to the work hours is shown in Fig. 2. Average
Hp(10) of 0.92 + 1.40 pSv/h was attained by the operator at
07:00 at the start of cyclotron operation (Fig. 2a) and that
0f 0.02 +0.02 pSv/h at 09:00 at the end of the work period
for performing target maintenance and periodic rebuilding,

Fig.2 The personal dose equivalent, Hp(10), in the routine work
of the radiation worker of a cyclotron operator, b pharmacist, ¢
nurse, and d medical doctor. The semiconductor personal dosim-
eter is measured continuously during working hours. Each plot com-

@ Springer

indicating an average Hp(10) of 0.17 +0.34 pSv/day.
Average Hp(10) of 0.08 +0.18 pSv/h was attained by the
pharmacist conducting quality control tests at 08:00 after
FDG synthesis (Fig. 2b), with an average personal dose
equivalent Hp(10) of 0.04 +0.08 uSv/day. The radiation

prises values measured over 20 days. The notches on the box plots
indicate an~95% confidence interval of the median, calculated as
median + 1.58 X interquartile range/\/ﬁ, with interquartile range
being the difference between the third and first quartiles
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Fig.3 The personal dose
equivalent, Hp(10), in the rou-
tine work of a radiation worker.
The types of radiation workers
at Hospital A were a cyclotron
engineer, pharmacist, doctor,
nurse, and nuclear medicine
technologist. Hp(10) values
were the average + standard
deviation per day for 3 months

Fig.4 The external exposure dose in the routine work of nuclear
medicine technologists, measured in four hospitals. Each plot com-
prises values measured over 20 days. Hospital A used ordinary induc-
tion, Hospitals B and C used a lead glass shield, and Hospital D used
an intercom and a lead glass shield for positioning

dose of the nurse was cumulatively increased with patient
overlap, with an average Hp(10) of 0.56 +0.53 pSv/
day (Fig. 2c). Average Hp(10) of 0.14 +0.09 pSv/h was
attained by the doctor, confirming the safety of automatic
injections, with an average Hp(10) of 0.10+0.07 puSv/
day (Fig. 2d). In the nuclear medicine technologists who
acquired PET/CT scans sequentially from 09:00, an aver-
age Hp(10) of 2.53 +1.58 pSv/h with each patient was
attained, with an average Hp(10) of 2.30 + 1.72 pSv/day
(Fig. 4, Hospital A). Increases of Hp(10) were observed
in the nurse and nuclear medicine technologist in case of
overlap of patients, with an increasing pattern in the morn-
ing and afternoon. Significant difference of the value was
observed in the cyclotron engineer, pharmacist, and doctor
as compared to that in the nuclear medicine technologist

Table2 Working environment of nuclear medicine technologists at
each hospital

Hospital Induction method Thickness of Contact time (min)
radiation shielding

glass (mm Pb)

A Call in None 3.18+0.50
B Call in 3 2.64+0.19
C Call in 20 2.25+0.53
D Intercom 3or 10* 1.79+0.16

“The radiation shielding glass at hospital D had a lead protection of
3-mm thickness at the top, in height from 90 to 180 c¢m, and a lead
protection of 10-mm thickness at the bottom, in height from O to
90 cm

(p <0.05; Fig. 3), however, Hp(10) was similar between
the nurse and nuclear medicine technologist.

Radiation workers with duties involving maximum
external exposure work were as follows: doctors in charge
of diagnosis (4.8 pSv/procedure), nurses removing injec-
tion needles (3.1 pSv/procedure), pharmacists performing
quality control tests (2.9 pSv/procedure), nuclear medicine
technologists assisting the patient (6.5 pSv/procedure), and
cyclotron engineers performing daily checks (13.4 pSv/
procedure).

The results of comparison of radiation doses of nuclear
medicine technologists in the different hospitals are shown
in Fig. 4; the routine work of nuclear medicine technologists
in each hospital is shown in Table 2. In Hospital A with-
out the lead glass shield, the contact duration of the patient
was 3.81 +0.50 min; whereas, in Hospital D with the lead
glass shield, it was 1.79+0.16 min. In Hospitals B and C,
the contact duration of the patient was 2.64 +0.19 min and
2.25+0.53 min, respectively.

The lowest dose was obtained in Hospital D at which
a lead glass shield and short contact duration were used,
as shown in Fig. 4 and Table 2. The average Hp(10) was
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1.84 +1.38 pSv/day in Hospital A, at which exposure was
without counter-measures; whereas, it was 0.66 +0.53 uSv/
day in Hospital D, with counter-measures. The contact
duration per patient in Hospital D was approximately
1 min. In Hospitals B and C, Hp(10) was 2.16 + 1.46 and
1.87+0.86 pSv/day, respectively. In terms of average
Hp(10), Hospitals A, B, and C were significantly different
from Hospital D (p <0.05; Fig. 5), and no significant differ-
ences were observed among Hospitals A, B, and C.

During the study period, the highest radiation dose
of 38.4 pSv was attained in the cyclotron engineer who
inspected the cyclotron, while that of 4.8 pSv was attained
in the doctor administering manual injections due to fail-
ure of automatic syringe, that of 5.57+3.83 pSv in the
nurse manipulating a stretcher for transport of patients
with deteriorating condition (total, ten patients), and that of
6.75 +6.17 pSv in the nuclear medical technologist assisting
patients on a wheelchair (total, 24 patients).

4 Discussion

The International Commission on Radiological Protection
(ICRP) commission initially recommended general princi-
ples for protection of workers exposed to radiation [16], and
continues to recommend control of occupational exposure
in situations involving planned exposure through optimal
procedures with source-related dose constraint, and dose
limits. The procedure of the work is complex involving vari-
ous operations and types of equipment and patients. How-
ever, for many types of work in a situation involving planned
exposure, investigators are able to reach a consensus on the
level of individual doses likely to be incurred in operations
with good management.

This study measured personal doses without disturbing
the subjects’ daily routine work. The distance between the
source organ [17] and the dosimeter, and accumulation rate
and accumulation speed in the source organ varied, which

Fig.5 The personal dose
equivalent, Hp(10), in the
routine work of a radiation
worker. The radiation doses of
nuclear medicine technologists
in four hospitals were com-
pared. Hp(10) values were the
average + standards deviation
per day for 3 months

@ Springer

collectively affect the personal dose equivalent. Radia-
tion workers cannot avoid exposure, and therefore, should
actively use a lead glass shield, rotate their work schedule,
and work efficiently for short periods. The finding of low
external exposure dose at Hospital D can be explained by
the fact that at that facility, lead glass shielding and short
contact duration were applied (Table 2).

The comparison among hospitals indicates that the
patient’s contact duration should be minimized and a lead
glass shield should be used, which benefit the nuclear medi-
cine technologists. The shielding effect of annihilation radia-
tion at 511 keV is calculated using the following standard
equation [18]: I = Bl,e™**, where I, is the incident beam; /
is the transmitted radiation intensity; x and u are the thick-
ness of the shield and the linear attenuation coefficient of
the absorbent, respectively; and B is the buildup factor.
Although B and u change with energy, typical lead glass
observation windows of 3-mm width have a transmittance
of 69.0%.

The dosimeter used in the current study may be appli-
cable in other dosimetry. Estimation of the radiation dose
involving direct exposure of positrons to the lens of the eye
and skin would allow calculation of reduction in exposure
among workplaces in nuclear medicine. IAEA GSG-7 safety
standards indicate occupational exposure in appropriate
planned situations [19]. These standards consider that the
radiation safety of workplaces in nuclear medicine is an ethi-
cal issue and should be ensured. For cyclotron workers, leak-
age into the air affects the radiation dose, and the method
for estimating the radiation dose should include analysis of
available data through monitoring; especially, around the
drain pipes, monitoring could reveal small periodic trends
of the dose rate.

In this study, since the daily work duties were clearly
defined, we could determine radiation exposure of the work-
ers in the area of the radiation source; however, we did not
consider the small differences in the dose, distance from
the patient, and contact duration due to the constraint of
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investigations that may interfere with the efficiency of rou-
tine work.

Moreover, we excluded patients with serious illness who
were unable to move based on the potential risk of sudden
changes in the patient’s condition and communication dis-
ability due to bedridden condition and dementia.

Nevertheless, International Atomic Energy Agency
(IAEA) GSG-7 recommends monitoring of occupational
radiation even in emergency situation [19], and PET insur-
ance covers epilepsy, coronary artery disease, tumor malig-
nancy, and aortic arch syndrome.

5 Conclusion

The study reports the Hp(10) of radiation workers involved
in PET procedures at hospitals, including cyclotron engi-
neers, doctors, nurses, nuclear medicine technologists, and
pharmacists. The data obtained by monitoring of those indi-
viduals with a semiconductor detector at minute or hourly
interval confirmed the time distribution of the radiation
dose. This study clarifies the types of work involving high
Hp(10) in nuclear medicine, and highlights that to reduce
the external exposure dose, investigators should shorten the
patient’s contact time with '3F-FDG source or the patient
tracer as much as possible within the limitation of patient
safety. Worker rotation and other safety measures that are
introduced would allow reduction in the Hp(10).
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Session Title

Lessons from Fukushima - Low Dose Radiation from Environment Radioisotope

Chairpersons
Takahashi Kudo (Magasaki, Japan)
Glenn Flux (London, United Kingdom)

Programme
10:00 - 10:20 MNoboru Takamura (Nagasaki, Japan): Doses and Likely Health Effects in Fukushima

10:20 - 10:40 Richard Wakeford (Manchester, United Kingdom): Controversies and Challenges of the
Linear No Threshold Model

10:40- 11:00 Keiko Kanai (Osaka, lapan): Supporting Fukushima - The MNuclear accident’s
Consequences on the Region

11:00 - 11:20 Christoph Reiners (Wirzburg, Germany): Special Aspects of Radiation Induced
Paediatric Thyroid Cancer

1120 —-11-30 Discussion

Educational Objectives

1. Learn the societal and health impact of the Fukushima incident

2.  Learn and discuss the implication of low doses of radiation in medicine and environmental
incidents

3. Consider implications of medical treatment and the environmental impact of radiation exposure
to children and young people with radiation

Summary

The potential effect of exposure to low doses of radiation remains poorly understood, despite many
decades of research at huge cost. The current model of keeping radiation doses “As Low As
Reasonably Achievable {or Practicable)’, commaonly referred to as the ALARA principle, has been
adhered to globally for many years in the medical, environmental and occupational sectors. This
model is based on a linear extrapolation to low radiation doses of the observable effects of high
radiation doses, notably the so-called ‘bomb data’ obtained from Hiroshima and Magasaki. An intense
debate between experts continues almost monthly on the validity of this model, with advocates
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ensuring that regulations are strictly monitored and enforced whilst those opposed to the model
claim that there is likely a threshold radiation dose below which no adverse effects would be seen.
The current model, the detractors claim, causes unnecessary expenditure, operational limitations
and patient and public anxiety. This argument is epitomised by the key topics in this programme. The
incident referred to as the ‘Fukushima Daiichi nuclear disaster’ in which three nuclear meltdowns
occurred following a Tsunami, resulted in mass evacuation of the area and a conseguent clean up
programme that is expected to continue for some decades. However, the health impact of the
incident is debatable. Also, social impact was huge due to the lack of well-organized risk-
communication to the public. The regulatory insistence on the ALARA principle takes account of
public concern in matters of radiation used for medicine, but can be argued to limit patient
throughput and diagnostic scan quality in nuclear medicine. Overall the greatest concerns in terms of
deterministic and stochastic effects are those pertaining to children and young people. This

symposium will cover these topics.

Key Words

Radiation Protection, Radiation Safety, Linear-no-threshold Model, Risk-communication, Fukushima
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