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Abstract

Background. Radioiodine therapy with 'l presents a considerable occupational radiation exposure risk due to
prolonged patient radioactivity. **'l emits - particles (Emax 0.606 MeV) and y- rays (0.364 MeV and 0.637 MeV) and has a
physical half-life of approximately 8 days. Ensuring radiation safety for medical personnel requires a detailed understanding
of the spatial and temporal dose distribution within isolated therapy rooms. Combining Monte Carlo-based PHITS simulation
with real dosimetry provides practical guidance for room design, workflow optimization and alignment with ALARA principles.

Objective. This study aimed to characterize spatial and temporal variations of radiation in a "'l patient room and to
identify actionable strategies to reduce occupational exposure.

Materials and methods. PHITS (Particle and Heavy lon Transport code System, version 3.34) was used to simulate
radiation distribution in a constructed patient room model. An anatomically realistc MRCP-AM male phantom (ICRP
Publication 145) with thyroid-based 'l activity was implemented as the radiation source to model patient-specific exposure
conditions. Relative errors were maintained below 5%. Additionally, nurse activity logs were analyzed to evaluate procedure
durations and estimate real-world contributions to cumulative dose.

Results. Simulations revealed spatial gradients, with consistently highest dose rates recorded near the bed for all
models except the bathroom phantom scenario. Across 72 hours, dose rates decreased by approximately 20% between 0-24
hours, a further 38-40% from 48-72 hours, and by roughly 50% overall. The MRCP-AM phantom produced higher near-bed
dose rates, reflecting anatomical modulation of emission. Simulated values agreed with measured dosimetry, particularly at
distant positions. Workflow assessment showed that although 68% of procedures lasted under 10 minutes, short-duration
close-range tasks disproportionately contributed to staff exposure.

Conclusion. This study demonstrates that PHITS can reliably model ™'l radiation fields and supports optimizing nursing
workflow to minimize close-proximity exposure, particularly within the first hours after administration.
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2 WUHcTuTyT BonesHen AtomHon Bom6kI, YHUBepcuteT Haracaku, r. Haracakm, finoHus;
3 LleHTp pagmaumnoHHbIX uccnegoBaHus n obpasoBaHus, r. Haracaku, finoHus;

Krocrockuin mexxayHapoaHbIv Konnemk cecTpuHckoro gena KpacHoro Kpecta AnoHun, r. MyHakaTta, AAnoHus;
®> MeanUMHCKuMIA ¢dakynbTeT YHMBepcuteTa Haracakm, r. Haracaku, AnoHus.

AkTyanbHoCTb M BBeaeHwe. Paguotepanus 'l npeacTaBnsieT CyWeCTBEHHbIA PUCK MPOGECCUOHANBHOMO 06MyYeHus
13-3a ONIUTENbHON pafnaLMoHHOA akTUBHOCTY nauueHTa. PaguoHyknng 'l ncnyckaet B-vactuupl (Emax 0,606 MaB) v y-
nsnyyenne (0,364 n 0,637 MaB), a ero dmandyecknit nepuog nonmypacnaga cocraenser okono 8 cytok. Obecneverue
pagnauuoHHon ©6e30nacHOCTW MEeOMLUMHCKOrO nepcoHana TpebyeT NOHWMaHUs NPOCTPAHCTBEHHOTO U BPEMEHHOrO
pacnpegeneHnsl 003bl B W30MMPOBAHHbIX TepaneBTWYeckux nanatax. KombBuHaums mogenuposanusi MowTe-Kapno c
peanbHbIMU  [JO3UMETPUYECKUMU  U3MEPEHUAMI NPEeJOCTaBnsAeT npakTUYeckne pekoMeHdauuu Mo NpOEeKTUPOBAHWIO
MOMELLIEHWIA, onTUMU3aLn paboyero npouecca u cobniogermto npuHumnos ALARA.

Llenbto gaHHOMO MccnefoBaHus SBNANach XapakTepucTika NPOCTPaHCTBEHHBIX W BPEMEHHbIX Bapuauuid paguauum B
nanarte nauueHTa, nonyvatowlero Tepanuto ', n onpeaeneHne NpakTUYECKUX CTpaTernii CHUXKEHUS NPOCECCMOHANBHOTO
obnyyeHus.

Matepuansl 1 metoabl. [Ins MOAENMPOBaHUS pacnpedeneHns W3nyyYeHus wcnonb3oBanack nporpamMma PHITS
(Particle and Heavy lon Transport code System, Bepcus 3.34), B koTOpoit Obina Bocco3gaHa reomeTpust manatbl. bbin
NPUMEHEH KaK WCTOYHWK aHATOMWYECKM PeanmuCTUyHblii Myxckon antom MRCP-AM ¢ aktueHOCTblO B 0bnactu
WwuToBMAHON xenesbl. OTHOCUTENbHAs ownbKa nogaepxuBanack Huxe 5%. Takke Obinu NpoaHanu3npoBaHbl SHEBHUKM
aKTWBHOCTM MEACECTEP ANS OLEHKN ANMTENBHOCTM NPOLEAYP W UX BKNaAa B CyMMapHYI0 03y.

Pesynbtatbl. CyMynsiuMM BbISIBUMW BbIPAXEHHbIE MPOCTPAHCTBEHHbIE TPAMEHTbI: MaKkCUManbHble YPOBHM [03bl
(hMKCUpOBanMCb BO3NE KPOBaTU BO BCEX MOAENsX, KPOMe CLeHapusi ¢ (haHTOMOM B BaHHOW. 3a 72 4yaca YpOBHM [03bl
cHuaunmueb npumepHo Ha 20% B nHTepaane 0-24 yacos v ewé Ha 38-40% B nepwog 48-72 yacos, 4To cocTaBmno okoro 50%
obwero ymeHblwenus. Mogens MRCP-AM paBana 6onee BbICOKME 3HAYEHUsi PSAOM C KPOBATbK), YTO OTpaxaeT
aHaTOMMYeckoe BMUSHWE Ha pacnpepeneHne WanyyeHus. PesynbraTbl CUMYMALMM  XOPOLO COFMacoBbIBANUCH C
L03VIMETPUYECKMMM M3MEPEHMAMM, 0COOEHHO B YAANEHHBIX Toukax. AHanua paboyero mpouecca nokasan, yto xots 68%
npoueayp Anunuce meHee 10 MWHYT, KpaTKOBPEMEHHbIE BMeLLATENbCTBA BOMMN3M MauMeHTa CyLIECTBEHHO YBENMNYMBAIMN
BKNaz B NPOeCcCHOoHarnbHYIo [03Y.

3akntoyeHue. 310 uccneposaHue AemoHCTpupyeT, yto PHITS HapéxHOo mogenupyeT paguauuoHHbie nons ' u
NOATBEPXAAET HEOBX0ANMOCTb ONTUMM3aLMKU paboThl NepcoHana Ans MUHUMM3aLUuMKM 6RIM3KOTO KOHTaKTa B NepBble Yachl
nocne BBeAeHUs paguodapmnpenapara.

Kmiouesbie cnoea: Modud-131; paduotiodmepanus; paduayuoHHas 3awuma; PHITS cumynsuus;

Ansa yumuposaHus:
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cecTep B S4epHON MeauLmMHe C Ucnomnb3oBaHueM cumynsumonHoro koga PHITS Ha ocHose meToga MoHTe-Kapro // Hayka v
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1 BuomeauumHansIK FbiNbiMAaap Xxofapbl MekTe6i, Haracaku yHuBepcuteTi, Haracaku K., XKanoHus;
2 Atom Bombachl AypynapbiHbiH UHCTUTYTHI, Haracaku YHuBepcuTeTi, Haracakwm K., XKanoHus;
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4¥anoHus Kbi3bin KpecT KorambiHbIH Ktocto xanbikapanblk Mmeuiprep ici yimBepcureTi, MyHakaTa k., XKanoHus;
5 MepuumHa cakynbTteTi, Haracaku yHuBepcureTi, Haracaku k., XXanoHums.

3eptTeypiH e3ekTiniri. 'l paguoiogTepanusackl NaUMEHTTiH, y3ak, yakblT BOMbl paguauns WbiFapybl canpapbiHaH
MeauUMHa KbI3METKEPepi YWiH anTapnbikTal cayne Tycy kayniH Tyabipagbl. ™'l pagunoHyknugi B-6enwektepai (Emax
0.606 MaB) xaHe y-caynenepai (0.364 xaHe 0.637 M3aB) weirapagbl, PuanKanbIk xapTbinan bigbipay Ke3eHi LamameH
ceri3 Taynikke TeH, MeagnumHa KbI3METKEPNEPIHiH, paauauusanblk, KayinciaairiH kaMTamachI3 €Ty yLiH OKLIaynaHFaH emaey
nanatanapblHaarbl J03aHbIH, KEHICTIKTIK XaHe yaKbITTblK TapanyblH TepeH, TyCiHy kaxeT. MoHTe-Kapno mogengeyi meH
HaKTbl [O3UMETPUsANbIK, enwemaepgi Oipiktipy 6enmeHi xobanay, XymbiC NMpOUECH OHTainaHabipy xsHe ALARA
NPUHLMNTEPIH CaKTay yLUiH NpaKT1Kanblk, yCbiHbIMAap 6epeai.
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byn 3eptTeydiH Makcatbl ¥l Tepanusicbl Ke3iHOe NaUMEHT nanatacblHAarbl paguaLUsHbIH, KEHICTIKTIK XoHe
YaKpITTbIK, ©3rePICTEPIH CUNATTAy XaHE KbI3METKepnepaiH, CayneneHyiH TemeHaeTyre OarbiTTanfaH cTpatervsinapib
ailkbiHaay.

Marepuangap meH agictep. PHITS 6argapnamackl (Particle and Heavy lon Transport code System, Hycka 3.34)
Benme reOMETPUACHIH KypacTbIpbin, pagnauyusHbiH, TapanybiH Mogenbaey yliH KondaHbingsl. Cumynauusga kankaHwa
6esi anmarbiHa "'l 6enceHainiri eHrisinreH aHatomuanbik, gan MRCP-AM ep agam (haHTOMbI faHa naiganaHbingbl.
CanbicThipmanbl Katenik 5%-teH TemeH Aewreige ycrangbl. COHbIMEH KaTap, MedOukenepmiH XyMbIC KyHOEnikTepi
TanaaHbin, npoLeaypanapablH, y3aKTblfbl MEH ONapablH, KUbIHTbIK, A03aFa KOCKaH yneci baranaqabl.

3eptTey HaTuxenepi. Mogenbaey HaTwxenepi KEHICTIKTIK rPagMeHTTiH, allkblH eKeHIH KepCeTTi: eH, Xofapbl [03a
peHrennepi bapnbik Mogenbaepae Tecek MaubiHOA Tipkenai (BaHHagarbl aHTOM MopeniHeH backa). 72 carar ilwiHge
po3a kyatbl 0-24 caraT apanbifbiHaa WwamameH 20%-+a, an 48-72 carat apanbifbiHaa 38-40%-ra TemeHgen, xannsl 50%
wamacslHaa asanabl. MRCP-AM mogeni Tecek xaHblHAa XoFapblpak MaHAEP KepceTTi, 6yn aHaTOMUSNbIK, (hakTopnapablH
coyne TapanyblHa acepiH 6ingipedi. CyMynauus HaTwxenepi, acipece arnllak HykTenepae, HakTbl [O3NMETPUSIBIK,
enlieMaepMeH xakcbl Calikec kenpi. Xymbic yaepiciH Tangay 68% npouenypanapabiy, y3akTblebl 10 MUHYTTaH
acnainTbiHbiH, Gipak naLUMeHTKe akplH apaja opblHAAnNaTbiH KbICKA TanchblpManap Kpl3METKEPNepAiH, XUbIHTBIK,
CcayneneHyiHe eaayip ynec KocaTblHbIH KepCeTTi.

3epTTey KopbITbiHAbICLI. byn 3epTTey PHITS 6araapnamacbiHbiy, 'l paguaumsnbik epicTepiH ceHimai Moaenbaei
anaTbIHbIH XaHe anFallKbl caraTTapia nauueHTKe xaxblH 60Myabl BapblHLLA KbICKAPTY KaXeTTiniriH kepceTesi.

TytiHdi ce3dep: M0d-131; paduoiiodmepanus; paduayusnbik KopraHbic; PHITS cumynayusce.

faliekcos ywiH:
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PHITS cumynsumsnbik KodblH, KOMAAHY apKbibl SAPONbIK, MeaWUMHa MeabukenepiHe apHanFaH pagvauusnblk 403aHbl
Baranay // Feinbim xoHe [leHcaynbik cakray. 2026. Vol.28 (1), b. 13-20. doi 10.34689/SH.2026.28.1.002

Introduction challenging. Experimental dosimetry provides essential

Radioactive iodine (**'l) therapy is a well-established and information, yet its utility is often limited by restricted
highly effective modality for the treatment of differentiated  accessibility, insufficient spatial resolution, and the inability
thyroid carcinoma, including cases with distant metastases [2].  to account for dynamic patient behaviour. Therefore, Monte
Its therapeutic effect is based on the selective uptake of iodine  Carlo-based simulations have become an important
by thyroid cells, allowing targeted radiation delivery to residual ~ complementary tool for investigating photon transport,
thyroid tissue or metastatic lesions while limiting systemic  optimizing shielding, and improving workflow design.
toxicity. Owing to its clinical efficacy, ™'I continues to play a In this study, we employ PHITS (Particle and Heavy lon
central role in thyroid cancer management worldwide [3]. In Transport code System) to simulate the spatial and
Japan, its use remains distinctive compared with other  temporal distribution of radiation from patients undergoing
countries, with a steady increase in inpatient cases over the "'l therapy [11]. A detailed combinatorial geometry model
past two decades [1,3,6-10]. of a dedicated therapy room including walls, shielding

Despite these therapeutic advantages, *'lisa f-and y-  structures, furniture and the patient as the radiation source
emitting radionuclide with a physical half-life of  was constructed to calculate dose distributions at
approximately eight days. While B-particles (Emax=0.606  occupationally relevant locations. Integrating simulated data
MeV) provide the desired dose to thyroid tissue and are  with measured dosimetry enables a comprehensive
absorbed within the patient’s body, y-photons (364 keV) are  evaluation of exposure scenarios and supports the
highly penetrating and represent the main contributor to  development of practical recommendations for room layout,
external exposure in clinical settings. Consequently,  shielding, and staff positioning in accordance with the
patients treated with **'| can serve as a radiation source to  ALARA principle [4].

healthcare workers, caregivers and the public. To mitigate Materials and Methods
radiation risks, strict regulatory guidelines have been Study subject and setting
established to ensure safe administration and handling of This study is a simulation-based dosimetric research

131], The Ministry of Health, Labour and Welfare of Japan integrating Monte Carlo radiation transport modelling with
has implemented stringent regulations governing the use of ~ observational analysis of clinical workflow data. Study
radioactive materials and the discharge of patients following  investigates the radiation dose distribution in an isolated
RAI therapy [3]. Compliance with these regulations  patient's room used for 3| radioisotope therapy in patients
necessitates the development of dedicated shielded  with thyroid cancer after total thyroidectomy and based on
facilities, specialized waste disposal systems and protective ~ data obtained from the ™I therapy isolation room at
protocols for medical staff working in nuclear medicine  Nagasaki University Hospital between June 2022 and April
departments. Furthermore, behavioural restrictions for 2024, following the methodology by previous research
treated patients are crucial to minimize secondary radiation  (Takahira H.), The 9th International Symposium of the
exposure to their families and the surrounding environment. Network-type Joint Usage/Research Center for Radiation

However, accurately estimating and visualizing radiation Disaster Medical Science, 2025). The patient's room
dose distributions within an isolated therapy room remains  consists of a main living area, a bathroom with a toilet and
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washstand. Patients undergoing 13!l therapy received oral
doses ranging from 1.1 GBq to 5.5 GBq and remained in
the room for two nights and three days. The radioiodine
capsules were administrated between 10:00 and 11:00 am
on the admission day.

Dosimeters

In this study, seven personal D-Shuttle dosimeters
(Chiyoda Technol Co., Ltd) were used to examine the dose
equivalent. The D-Shuttle dosimeter is a small (68 mm x 32
mm x 14 mm) and very light (23 g.) Si-diode-based
personal gamma-ray dosimeter. Personal dose equivalent
recordings can be provided every hour for a long time.
Measured dose could read via a USB connection to a PC
equipped with the dedicated software. Radiation dose
measurements were recorded in microsieverts (USv/2 min.)
using personal D-Shuttle dosimeters placed in key
locations, including the head and foot sides of the bed, near
the wall, side table, in front of the entrance, washstand and
bathroom. Measurements were taken every 2 minutes over
three consecutive days period to ensure comprehensive
monitoring of real radiation exposure. After data scanning
for dose distribution calculating analysis microsieverts per 2
minutes (USv/2 min.) were converted to microsieverts per
seconds (pSv/sec.)

Nursing procedures tracking

Based on the previous research data, all procedures
performed by nurses were systematically recorded in
patient management diaries to assess the frequency and
duration of nursing procedures in the '3'| therapy isolation
room. The dataset included the date (month and day),
number of nurses (five in total), start time, end time, total
duration (in minutes), type and number of procedures
performed per day. However, the distance between the
nurse and patient was not measured, and therefore to
assess potential radiation exposure it was classified as
close-contacted and distant contacted procedures based on
the nurse’s proximity to the patient during the procedure.

PHITS simulation: 3| source and patient room
modelling

PHITS (version 3.34) was used to model B- and y-
emissions from "'l using Monte Carlo particle transport.
Particle interactions including scattering, absorption and
transmission were sampled from established physical
probability distributions. Source spectra were generated using
the radionuclide mode in PHITS, incorporating the full 8-
energy distribution (Emax = 0.606 MeV; mean = 0.192 MeV)
and dominant y- lines (364 keV) as defined in ICRP
Publication 107. To enable integration with the room
geometry and patient phantom model, radiation sources were
implemented using simplified geometric representations. The
B- and y- sources were defined under identical conditions to
allow direct comparison of emission characteristics. Each
source was modelled as a 1-cm radius emission region
positioned along the z-axis (-10 cm < z < -10 cm) with
isotropic particle release. Energy distributions were derived
from tabulated nuclear decay data. All simulations were
normalized to the physical half-life of **'l, ensuring consistent
decay scaling across - and y- radiation fields.

To achieve realistic modelling of patient activation, the full
geometry of the ™'l isolation room was reconstructed in PHITS,
including all major structural and fumishing elements relevant
to photon and electron transport. The room was implemented
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as a rectangular enclosure (420 x 230 x 215 cm) composed of
concrete (density 2.2 g/cm®). An internal bathroom was
modeled with composite plastic-aluminium walls, and additional
room components including the hospital bed, washstand,
water-filled sink, and lead-shielded corner wagon were defined
using material densities consistent with their physical
counterparts. Seven dosimeter volumes were placed at
clinically relevant positions (head and foot of bed, wall side,
side table, entrance, washstand, and bathroom). Their
geometry followed manufacturer specifications to ensure
accurate dose scoring. A 0.5-cm lead barrier was included near
the entrance to account for localized shielding. All geometries
were defined using rectangular parallelepiped (RPP) surfaces
to maintain computational efficiency and compatibility with
PHITS geometry handling. To ensure statistical stability,
simulations employed an extended maximum number of
particle histories (10%-108). Full geometry rendering and
execution required approximately 1.5 hours of computation
time.

PHITS simulation: Phantom modelling with 13|
radiation source

For Monte Carlo-based dose estimation, an
anatomically realistic adult male mesh-type computational
phantom (MRCP-AM, ICRP Publication 145) was
implemented in PHITS. This phantom provides detailed
representation of human anatomy, including organ shapes,
tissue heterogeneity, and body contour, allowing for more
accurate modelling of photon scattering and absorption
processes relevant to **'| therapy. The radioactive source
was placed in the thyroid region and defined using the
PHITS built-in radionuclide mode, which incorporates the
complete - and y-emission spectra of "'l

The phantom was positioned within a rectangular room
geometry replicating the clinical layout to account for
scattering, attenuation, and shielding from walls and
furniture. Dose scoring was performed using a combination
of mesh-based T-track tallies and region-based T-deposit
tallies to evaluate spatial and anatomical energy deposition.
All results were normalized per primary source particle and
reported in Gy per particle or converted to dose rate (USv/s)
where applicable. Visualization of the phantom and room
geometry was enabled (gshow = 1) for verification of spatial
alignment. Simulations were performed using 10° particle
histories per batch, with a total of 107 primary photons to
ensure statistical stability and maintain relative errors within
acceptable ranges for radiation protection calculations.

Measurements and PHITS simulation
calculation

Dosimeter readings recorded in microsieverts per 2
minutes (uSv/2 min) were converted to microsieverts per
second (uSv/s) for compatibility with PHITS output units.
PHITS simulations produced dose rates in picosieverts per
second (pSv/s), which were converted to sieverts per
second (Sv/s) and subsequently to microsieverts per
second per becquerel (uSv/s/Bq). These values were then
scaled to the administered activity (1.1-5.5 GBq). Final
dose-rate distributions are reported as mean + SD and
maximum values. All numerical analyses were performed
using Microsoft Excel.

Ethical approval

This study used the anonymized data of the study
approved by the Ethics committee of Nagasaki University

data
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(Approval number 22051615). Written informed consent
was waived by the Ethics Committee, as the study did not
involve direct patient participation and included only
anonymized observational workflow data and computational
simulations. The study was conducted with the knowledge
and approval of the hospital administration, and permission
was granted for the analysis and publication of the results.

Results

Evaluation of radiation dose rates across seven
measured locations using the mesh-type MRCP-AM
phantom demonstrated a clear and consistent decline over
the 72-hour period (Figure 1, Figure 2). As expected, the
highest dose rates were observed in the areas closest to
the patient bed, particularly at the wall side and head side.

At the wall side of the bed, the dose rate decreased
from 0.0513 uSv/s during the first 24 hours to 0.0409 pSv/s
at 24-48 hours, and further to 0.0251 uSv/s at 48-72 hours.

This corresponded to a 20.2% reduction in the first interval
and a total decline of 38.7% by 72 hours. A similar pattern
was seen at the head side of the bed, where the dose rate
decreased from 0.0338 pSv/s to 0.0270 pSv/s and then to
0.0166 pSv/s, resulting in an overall 50.9% reduction across
the 72-hour period. The foot side of the bed also showed
relatively high initial values (0.0268 uSv/s), which
decreased to 0.0216 pSv/s and 0.0134 pSv/s by 72 hours,
corresponding to a 49.9% total decline.

Across all near-bed locations, dose rates demonstrated
a comparable reduction pattern: approximately 19-21%
during the first 24-48 hours, followed by a more
pronounced 38-40% decrease between 48-72 hours. The
side table also exhibited moderate dose levels, decreasing
from 0.0064 uSv/s to 0.0050 pSv/s and 0.0030 pSv/s over
the same intervals, with an overall reduction of 51.7%.

Dose distribution using mesh-type phantom (MRCP-AM).

[File = Dose_ MACP-AM_xyz.out

Energy deposition in xyz mesh

Date = 0034 20-Apr-2025

ymin = -2.4563E+01 [cm]
ymax = 2.4563E+01 [cm)
part. = all

Dose [MeV/em/source]

z [cm]

| caleulated by PHITS 3.34

no.= 1, iy=1
300 e [1~1;
9
200
€
£ 100 H*
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plottod by AvGed. 4.51

Figure 1. Spatial distribution of equivalent dose rate H(10) for photons and electrons emitted from 131
represented by a human body MRCP phantom model (male, weight 73 kg,
height 176 cm) with rectangular source (maxcas=107). Simulation performed using PHITS 3.34.
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Figure 2. Analysis of 13l radiation dose distribution from PHITS simulation (uSv/s) using
a human body MRCP phantom model (male, weight 73 kg, height 176 cm)
with rectangular source (maxcas=107) over three consecutive days.
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Distant locations, including the washstand, bathroom,
and entrance, recorded the lowest dose rates. At the
washstand, values decreased from 0.0022 pSv/s to 0.0017
pSv/s and 0.0010 pSv/s, representing a total reduction of
52.6%. A similar trend was observed in the bathroom
(0.0037 — 0.0029 — 0.0018 pSv/s; 51.9% total decline).
The lowest exposure occurred in front of the entrance,
where the dose rate dropped from 0.0008 pSv/s to 0.0007
pSv/s and 0.0004 uSv/s, corresponding to a 51.1% decline.

Overall, all measurement points followed the same
temporal pattern: a moderate ~20% reduction during the
first 24-48 hours, followed by a sharper 38-40% decrease
during the subsequent 48-72 hours, resulting in a total 50-
52% reduction over 72 hours. Relative error values for all
simulated doses ranged from 1.8% to 3.7%.

Using the MRCP-AM adult male phantom (73 kg, 176
cm) with a rectangular "'l source (maxcas = 107), the
highest average dose rate across the entire period was
recorded at the wall side of the bed (0.0391 pSv/s).
Moderate values were registered at the head and foot sides
(0.0258 uSv/s and 0.0206 uSv/s), while the lowest averages
were observed at the side table (0.0048 uSv/s), bathroom
(0.0028 pSvis), washstand (0.0016 uSv/s), and entrance
(0.0006 pSvis). The high stability of the results was ensured
by the use of 10 million particle histories, with reliability
primarily determined by the number of particle histories
rather than by multiple simulation runs.

Comparison between calculation and measured
dosimeter data

Table 1.
Radiation dose rates (uSv/s) in various locations of the isolated patient room following 13!l administration.
First 24 hours 24 ~ 48 hours 48 ~ 72 hours
Max (uSv/s) Mean+SD Max (uSv/s) MeanSD Max (uSv/s) MeanSD
Bed (Head side) 0.0407 0.0106+0.012 0.0340 0.0130+0.009 0.0135 0.0030+0.004
Bed (Wall side) 0.1329 0.0159+0.020 0.0669 0.0124+0.008 0.0189 0.0026+0.003
Bed (Foot side) 0.0646 0.011140.014 0.0244 0.0081+0.003 0.0095 0.0014+0.001
Near side table 0.0775 0.0082+0.017 0.0392 0.0047+0.007 1.2925 0.0034+0.052
Entrance 0.0209 0.0026+0.003 0.0089 0.0017+0.001 0.9050 0.0023+0.038
Washstand 0.0316 0.0017+0.002 0.0145 0.0013+0.001 0.0060 0.0003+0.001
Bathroom 0.0237 0.0029+0.003 0.0200 0.0021+0.002 0.0061 0.0006+0.001

The dosimeters data during the first 24 hours revealed
the highest radiation dose at the wall side of the bed
recording a peak value approximately 3.3 times higher than
the head side and 2.1 times higher than the foot side of the
bed. Compared to the bathroom, the dose at the wall side of
the bed was approximately 5.6 times greater. Even the side
table, located slightly away from the patient, had a dose 3.3
times higher than the in front of the entrance location. The
dose rate at the wall side of the bed was approximately 4.2
times higher than that measured near the washstand. From
24 to 48 hours, despite a general reduction in dose rates
was observed across all seven locations, the wall side of
the bed still maintained the highest average value. At this
period of time, the wall side dose was 7.5 times higher than
at the entrance and 3.3 times higher than at the washstand.
The bathroom dose remained approximately 3.3 times
lower than the wall side. By 48-72 hours period, although
maximum peaks were recorded near the side table and in
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0,025
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0,015
0,01
0,005

0

Radiation dose (uSv/s)

Head side Wall side of Foot side of Side table

of thebed the bed the bed

front of the entrance location, the average dose levels
stayed low. The wall side and head side of the bed
continued to show moderately elevated values. The wall
side of the bed dose was still about 3 times higher than the
bathroom and over 7 times higher than in front of the
entrance location. The washstand and bathroom remained
among the lowest exposure zones throughout the
observation period. The three-day average dose was
0.0089 pSv/s at the head side of the bed, 0.0103 pSv/s at
the wall side of the bed, 0.0069 uSv/s at the foot side of the
bed, 0.0054 uSv/s at the side table, 0.0022 uSv/s at the
location in front of the entrance, 0.0011 pSv/s at the
washstand, and 0.0019 uSv/s in the bathroom. Elevated
dose rate at side table and in front of the entrance locations
during 48-72 hours period was considered anomalous and
possibly due to temporary patient proximity or local
contamination, as it was inconsistent with physical decay
trends and simulation data.

Entrance Washstand Bathroom

Location of dosimeter

PHITS Simulation Data

Patient Room Dosimeters Data

Figure 3. Analysis of '3l radiation dose from dosimeters and PHITS simulation (uSv/s) using a human body MRCP
phantom model (male, weight 73 kg, height 176 cm) with rectangular source (maxcas=107).
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In analysis of 3| radiation dose distribution using a
human body phantom model the three-day average
exposure comparison showed that PHITS-simulated doses
were generally higher than dosimeters measurements. At
the wall side of the bed, the estimated dose by PHITS
simulation result was significantly higher than that
measured by dosimeters (0.0366 pSv/s vs. 0.0103 uSv/s).
At the head side and foot side of the bed, PHITS simulation
results also predicted significantly higher doses compared
to dosimeters calculation results (0.0254 uSv/s vs. 0.0089
uSv/s and 0.0198 uSv/s vs. 0.0069 uSv/s). In contrast, at
the location of side table there was no significant difference
observed between PHITS simulation result and dosimeters
calculation data (0.0034 pSv/s vs. 0.0054 uSv/s). For more
distant locations, such as in front of the entrance,
washstand and bathroom, PHITS simulation results
remained slightly higher but without significant difference
(0.0006 pSv/s vs. 0.0022 uSv/s; 0.0023 pSv/s vs. 0.0011
pSv/s; 0.0024 pSv/s vs. 0.0019 pSv/s).
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Time-based analysis of nursing procedures in the
isolated patient room

Based on the previous study data, we analyzed the
average time spent by nurses performing various
manipulations in the ™' administered patient room,
presented at Figure 4, which shows the percentage of
nursing procedures grouped by their duration intervals. The
horizontal axis shows the percentage of total time spent in
the room. The vertical axis shows the duration of nursing
procedures in minutes. An analysis of nursing activity
durations revealed that 8.2% of nurses spent 20-29 minutes
inside the 13| isolated patient room. Meanwhile, 24.4%
stayed for 10- 19 minutes, 43% for 5-9 minutes, and 24.4%
spent less than 5 minutes. The percentages correspond to
the number of procedures that fell within each time bracket,
rather than the share of total time spent in the isolated
room. These time durations were extracted from nurse’s
diaries that included both the starting and ending time of
each recorded activity.

25% 30% 35% 40% 45% S0%

Percentage of total nursing actions (%)
Figure 4. Distribution of nursing procedures by duration in the isolated patient room.

Discussion

This study provides a comprehensive assessment of
the spatial and temporal characteristics of radiation
exposure in a ™| therapy isolation room by integrating
Monte Carlo-based PHITS simulations with long-term
dosimeter measurements. Using an anatomically realistic
ICRP MRCP-AM mesh phantom allowed for a more
accurate representation of patient anatomy, tissue
composition, and scattering behaviour, all of which are
essential for evaluating occupational exposure risks. These
findings are particularly relevant for nuclear medicine
practice in Japan, where outpatient ablation with 1,110 MBq
remains widely used and where medical staff frequently
perform close-contact procedures in the early post-
administration phase [3].

Across all simulations, dose rates declined predictably
over the 72-hour period, with an initial reduction of
approximately 20-30% between 24 and 48 hours, followed
by a more pronounced 38-40% decrease up to 72 hours.
This pattern corresponds well with the physical decay of **'|
and supports the reliability of the simulation parameters.
The spatial distribution obtained with the MRCP-AM
phantom demonstrated clearly elevated dose levels in near-
bed regions, with progressively lower exposures toward the
periphery of the room. These results highlight the

importance of anatomical realism for accurate near-field
dose estimation, as simplified representations of the human
body typically underestimate exposure in areas where staff
are most likely to work.

Comparison of PHITS output with dosimeter
measurements further illustrated the complexity of real-
world radiation environments. PHITS tended to
overestimate doses near the bed particularly at the wall,
head, and foot sides likely due to factors not fully captured
in the simulation, including micro-shielding from furniture,
variations in wall composition, patient movement, and self-
shielding effects. In contrast, simulated and measured
values were in close agreement at more distant locations
such as the washstand, bathroom, and entrance, where
room geometry is simpler and environmental influences are
minimal. These observations indicate that while PHITS
provides reliable far-field predictions, refinement of near-
field modelling remains necessary for accurately
characterizing staff exposure.

A key methodological limitation is that PHITS assumes a
static patient. Real clinical scenarios involve patient movement,
changes in posture, and the potential spread of radioactive
contamination through bodily fluids, factors that cannot be
reproduced in the simulation. Previous studies have shown that
the bathroom and washstand may become contaminated
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during "'l therapy, yet such secondary pathways were not
represented in our simulation framework [5]. As a result, these
areas appeared less irradiated in simulated dose maps than
would be expected based on clinical observations.
Incorporating patient mobility and contamination dynamics into
future modelling approaches would enhance the realism and
applicability of simulation-based dose assessments.

Analysis of nursing activity revealed that staff behaviour
plays a central role in shaping cumulative occupational dose.
Both simulation and measured data showed that exposure
peaks within the first 1-13 hours after radioiodine
administration, emphasizing the need to minimize room entry
and reduce time spent near the patient during this critical
period. Although the majority of procedures lasted less than 10
minutes, approximately one-third exceeded this duration,
particularly tasks requiring close contact such as patient
monitoring, infravenous line management, and supervision of
31 ingestion. Standardizing workflow, optimizing scheduling,
and expanding the use of remote monitoring could
meaningfully reduce exposure. Psychological factors, including
anxiety about radiation well documented in post-Fukushima
nursing surveys - may also influence staff behaviour and lead
to unnecessarily prolonged interactions [12].

Overall, the combined simulation and measurement
results confirm that while fundamental radiation protection
principles remain effective, clinical practice can be further
optimized to reduce occupational dose. Indirect radiation
pathways, variability in staff behaviour, and the influence of
room layout all underscore the need for ongoing evaluation
and refinement of safety protocols. High-fidelity Monte Carlo
simulations, when validated by empirical data, represent a
valuable tool for improving workflow, enhancing room
design, and strengthening radiation protection strategies in
nuclear medicine.

Conclusion

This study demonstrates that the PHITS system can
reliably estimate the spatial and temporal distribution of **'I
radiation in an isolation room. Although some discrepancies
appeared near the bedside mainly due to geometric
simplifications and phantom limitations the agreement
between simulations and dosimeter data was strong at
distant locations, confirming the model’s overall validity for
safety planning. Both simulation and measurements
showed that radiation levels are highest during the first 1-13
hours after administration, emphasizing the need to
minimize staff presence in this critical period. Optimizing
workflow, reducing time spent near the patient, and
applying appropriate  shielding can further reduce
occupational exposure for healthcare personnel.
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