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Abstract- This study investigates the accumulation
of radiation dose over time in the presence of
radioactive decay, analyzing the impact of half-life,
initial dose rate, and decay constant on exposure
levels. Using an analytical modeling approach, the
research explores both short-term and long-term
dose accumulation, highlighting key differences in
radiation risk profiles. The findings indicate that
sources with shorter half-lives cause rapid initial
dose accumulation but stabilize quickly, whereas
longer half-life sources contribute to prolonged
radiation exposure. Sensitivity analysis reveals that
variations in the initial dose rate significantly affect
long-term exposure levels, while decay constants
influence the rate at which radiation stabilizes. The
study underscores the importance of managing
these factors to minimize radiation risks posesand
improve safety protocols in occupational and
environmental settings. These insights are crucial
for optimizing radiation protection strategies,
ensuring controlled exposure, and mitigating long-
term health effects.

Indexed Terms- Decay constant, Half-life,
Radiation dose accumulation, Radiation protection,
Sensitivity analysis

I INTRODUCTION

Radiation exposure is a serious issue for both medical
and environmental purposes. Although background
radiation from natural sources is always present,
human exposure has increased dramatically due to
manmade sources, especially in medical imaging [1,
2]. The accuracy of diagnosis and the effectiveness of
treatment have been significantly improved by
developments in radiography techniques, including
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computed tomography (CT), fluoroscopy, and
interventional radiology. On the other hand,
cumulative radiation exposure from repeated imaging
raises questions regarding possible long-term health
hazards. To reduce these concerns while preserving
high-quality imaging and guaranteeing patient safety,
effective dose management techniques are crucial [3,
4].

Understanding the accumulation of exposure over
time is a crucial component of radiation safety.
Radiation from a decaying radioactive source in
physics decays exponentially, progressively reducing
intensity as nuclear transformation takes place.
However, exposure to medical radiation occurs
sporadically and builds up over several imaging
sessions, thus persistent monitoring is necessary to
avoid overexposure [5]. The crucial question this is
whether  mathematical models that explain
radioactive decay may be used to optimize radiation
dose management in medical imaging. By using these
models, it is possible to evaluate long-term radiation
exposure and create plans to lower related hazards. In
this work, we investigate the connection between
radiation dose buildup from decaying radioactive
sources and cumulative exposure in medical imaging.
We forecast exposure concerns in medical imaging
by analyzing the accumulation of radiation over time
using dose modeling techniques. Our model measures
dose buildup, analyzes the effect of exposure time,
and evaluates important parameters including initial
dose rate and decay properties. In order to maintain
medical imaging's safety and efficacy in healthcare,
this strategy offers a basis for strengthening
monitoring systems, streamlining safety procedures,
and strengthening regulatory frameworks.
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Il. REVIEW OF RELATED WORK

The accumulation of radiation doses is essential to
the precision of treatment. The physiologically
equivalent dose (bEQDd) model, which takes
fractionation effects and tissue-specific reactions into
consideration, was proposed by Niebuhr et al. [6].
The necessity of physiologically informed dose
calculations was highlighted by their findings, which
demonstrated that bEQDd exceeded conventional
dose accumulation by 3.3— 4.9 Gy, reaching 8.4 Gy
in hypofractionated regimens. Vassiliev [7] also
studied sublethal radiation damage (SRD) and found
that SRD buildup enhances radiosensitivity, causes a
nonlinear-to-linear transition in survival curves, and
begins below 1 Gy. These findings emphasize how
crucial it is to combine biological and physical
aspects in order to plan radiotherapy precisely.
Additionally, Kuo et al. [8] used a radiotherapy dose
accumulation routine (RADAR) to analyze the
cumulative radiation dosage to organs at risk (OAR)
for Glioblastoma Multiforme (GBM) cases. The
potential for re-planning based on the cumulative
doses to OARs and the significance of precise dose
assessment in repeated treatment courses were
highlighted by their discovery of notable dosage
differences of up to 40 Gy between RADAR and
manual calculations. Tangsiwong et al. [9] have
looked into the cumulative radiation exposure of
children having computed tomography (CT).
According to their research, unique CT methods and
scanner settings had a substantial impact on radiation
exposure, even though the occurrence of high
cumulative doses was minimal. Higher cumulative
dosages were more frequently given to cancer
patients, with some cases surpassing 300 mSv, they
found.

The impact of alignment problems on dose
accumulation in spatially fractionated radiation
treatment (SFRT) was investigated by Ginn et al.
[10]. Their study discovered that even little changes
in patient placement resulted in a considerable
smoothing of the high- and low-dose areas, which
may have an effect on the efficacy of treatment. In
the worst situation, there was a significant decrease in
dosage contrast due to a 10 mm misalignment in two
treatment portions. Radiation exposure and cancer
risk were examined by Wong-Siegel et al. [11] in
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newborns with symptomatic tetralogy of Fallot
(STOF) undergoing primary repair (PR) or staged
repair (SR). They discovered, using dosimetry
methods, that radiation doses were considerably
higher in SR patients (median: 8.3 mSv vs. 2.1 mSy,
P < 0.001). Women were more likely to get cancer in
their lifetimes, and the highest estimated risk
(1.9/1,000) was found in breast tissue from SR
patients. Female patients having SR had a 7.3%
chance of thyroid cancer. The study emphasizes how
radiation exposure in neonatal cardiac care must be
kept to a minimum.

A study on radiation exposure among healthcare
professionals using thermoluminescent dosimeters
(TLDs) was carried out by Mohammed et al. [12].
According to their findings, radiologists received the
lowest average radiation dosage (430 pGy), while
radiographers received the highest (668.0 uGy). The
maximum documented effective dosage was 7.44
mSv annually, which was still under the 20 mSv
annual limit advised by the ICRP. Furthermore,
radiologists had the lowest mean skin dose (0.09
mGy), whereas cleaners had the highest (0.27 mGy).
The study underlined how crucial yearly monitoring
is for determining the hazards of radiation exposure.
When SMART was used to treat ultracentral lung
lesions, Bryant et al. [13] found that it produced
better dosimetric results than SABR. A 57 Gy
decrease in dose to the proximal bronchial tree (p =
0.002) and a 7.3% increase in tumor coverage (p =
0.002) were seen in their analysis of 14 patients.
There was no significant toxicity and 92.9% local
control at the 17.2-month follow-up.

Across several clinical facilities, Hardcastle et al.
[14] looked into discrepancies in cumulative dose
assessment for reirradiation. Using a variety of
techniques, such as rigid and deformable image
registration, 24 participants evaluated head and neck
(HN) and lung cases. The near-maximum cumulative
doses varied significantly, ranging from 25.4 to 41.8
Gy for HN and 2.4 to 33.8 Gy for at-risk lung organs,
according to the findings. But using a uniform spatial
dose mapping procedure increased accuracy and
consistency in reirradiation dose estimation.
Radiation damage accumulation in Fe-9Cr under
pulsed irradiation settings pertinent to inertial fusion
energy (IFE) reactors was examined by He et al. [15].
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They compared pulsed and continuous irradiation
scenarios and examined the growth of defect clusters
at various temperatures and pulse frequencies using
stochastic cluster dynamics (SCD) simulations. In
contrast to constant irradiation, the study discovered
that pulsed irradiation typically restricts the
formation of helium-vacancy clusters. Clusters of
self-interstitial atoms continue to form, but under
pulsed conditions, their concentrations are still much
lower. Damage estimates were in good agreement
with experimental data when Kim et al. [16]
examined radiation damage and helium accumulation
in Al-B«C neutron absorbers. They discovered
helium-induced porosification, which most likely
promoted corrosion.

In order to improve safety assessments in nuclear
facilities, Guo et al. [17] developed a real-time
method for estimating human exposure to radiation
using a dynamic 3D radiation field. They created a
comprehensive simulation by integrating radiation,
neutron  radiation, and radioactive  aerosol
concentration fields, and they also introduced an
optimized data loading method to increase the speed
and efficiency of real-time exposure estimation. A
molecular dynamics framework was created by
Abolfath et al. [18] to study the interactions of nano-
bubbles created by ionizing radiation at extremely
high dose rates. Their research simulated thermal
spikes (TS), which cause sudden thermodynamic
changes in liquid water after high-energy particle
passage. They examined shock wave production,
bubble stability, and nanobubble mergers using
reactive force field (ReaxFF) simulations, offering
insights into the consequences of ultra-high dose rate
radiation that may be pertinent to FLASH treatment.

A critical assessment of modeling frameworks for
radiation-induced lymphopenia (RIL), a frequent side
effect of radiation therapy, was carried out by Cella
et al. [19]. Their research emphasizes the negative
effects of RIL on treatment results and the necessity
of standardized modeling techniques to enhance
forecasting and create radiation therapy plans that
spare immunity. In the ProtherWal proton therapy
center, Ramoisiaux et al. [20] carried out a simulation
research on ambient dose levels with an emphasis on
radioactive shielding decay. They demonstrated the
efficiency of Low Activation Concrete (LAC) in
lowering radiation exposure by modeling the
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activation and decay radiation of concrete shielding
using BDSIM and FISPACT-II. Using the y-H2AX
biomarker, Mtynarczyk et al. [21] created Bayesian
techniques for radiation dose calculation that take
uncertainty in the period since exposure into
consideration. Compared to conventional techniques
that depend on preset post-irradiation times, their
method enhances accuracy. Additionally, they
improved computing performance by using the
Laplace approximation, proving the model's
applicability with actual data.

Using the CARI-6M model, Okedeyi et al. [22]
evaluated the yearly cosmic radiation exposure of
flight crews in local Nigerian carriers. According to
their research, annual effective doses (AED) were far
lower than the suggested limit of 20 pSv y!, ranging
from 0.230 to 1.90 puSv y'. On the Lagos-Kano
route, however, the annual gonadal dose equivalent
(AGDE) in 2017 was higher than the allowable limit
of 300 uSv y'. The results show a modest AED but
point to a possible cumulative exposure risk for long-
term cancer. The study suggests training initiatives
and legislative actions to reduce flight crews'
exposure to radiation. Finally Laurier et al. [23]
examined the scientific basis for the use of the linear
no-threshold (LNT) model in radiological protection.
Their research found that while some biological
mechanisms may not follow strict linearity, early-
stage carcinogenesis exhibits a linear response to
doses as low as 10 mGy.

I.  METHODOLOGY

This study employs an analytical mathematical
modeling approach to describe the accumulation of
radiation dose over time for a worker exposed to a
radioactive source with decaying activity. The
methodology follows these key steps:

A. Governing Equations

We model the radiation dose accumulated by a
worker exposed to a radioactive source with decaying
activity. The dose rate v(t) is proportional to the
source's activity, which follows exponential decay.
The total accumulated dose D (t) is governed by the
differential equation:
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B. For short term exposure:
t<<1/u
Expand (e ™"%) using Taylor series we obtained:
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IV. EXPERIMENTAL RESULT

Figure 1.0 illustrates that sources with shorter half-
lives (4 hours) accumulate radiation quickly at first
but plateau earlier due to the rapid decay of the
radiation source. On the other hand, sources with
longer half-lives (16 hours) continue to accumulate
radiation at a higher rate over time, resulting in
significantly higher long-term exposure. These
results suggest that while shorter half-life sources
pose an immediate radiation risk, longer half-life
sources present a more prolonged and cumulative
radiation risk.

Accumulated Radiation Dose Over Time

— tip=8hs
= t2 = 4hrs
307 =16 rs

Total Accumulated Dose (mSwv)
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Figure 1.0 Accumulated Radiation dose over Time

Figure 2.0 shows how uncertainties in the initial dose
rate (vo) and decay constant (u) affect the
accumulation of radiation dose over time. The black
line represents the expected dose accumulation under
normal conditions. The blue shaded region highlights
the uncertainty in the initial dose rate, with a larger
spread at longer times, indicating that changes in the
initial dose rate lead to a more significant variation in
long-term radiation exposure. The pink shaded
region, representing the uncertainty in the decay
constant, shows a smaller but still notable effect on
the dose accumulation. Overall, the results suggest
that while both the initial dose rate and decay
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constant contribute to uncertainty in dose predictions,
variations in the initial dose rate (vo) have a greater
impact on the total accumulated dose over extended
periods.

Error Propagatien in Dose Accumulation
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Figure 2: Error Propagation in Dose Accumulation

Figure 3 illustrates how dose accumulation is
sensitive to different initial dose rates over time, with
scenarios of 0.1, 0.2, and 0.3 mSv/hr leading to
corresponding increases in accumulated dose. The
results show that higher initial dose rates lead to
significantly greater radiation exposure, although the
dose increase slows and approaches a saturation point
as time progresses, due to the decay factor. This
implies that while higher initial dose rates cause
faster radiation accumulation, the exposure
eventually stabilizes over time. The key implication
of these findings is that controlling the initial dose
rate is crucial for managing long-term radiation risk,
as higher starting doses lead to a more significant
cumulative effect despite eventual stabilization.
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Sensitivity of Dose Accumulation to Initial Dose Rate
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Figure 3: Sensitivity of Dose Accumulation to initial
Dose Rate

Figure 4 illustrates the impact of different decay rates
on dose accumulation over time. The results show
that when the decay rate is low (0.05 per hour), the
accumulated dose increases significantly over time.
As the decay rate increases (0.1 and 0.2 per hour), the
rate of dose accumulation slows down, and the dose
reaches a stable point earlier. This suggests that
higher decay rates lead to lower long-term radiation
exposure. The implication of these results is that
controlling or increasing the decay rate can be an
effective strategy for reducing prolonged radiation
risks, as it limits the total accumulated dose over
time.

Dose Accumulation Over Time for Different Decay Constants

ulated Dose (mSv)

Accum

0 0 20 30 0 0
Time (hours)

Figure 4: Dose Accumulation Overtime for Different
Decay Constant
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Figure 5: illustrates the radiation dose rate decay
over time for three different half-lives (4, 8, and 16
hours). The results show that the dose rate decreases
exponentially, with shorter half-lives (4 hours, shown
by the red dashed line) experiencing a rapid decline,
while longer half-lives (16 hours, shown by the green
dotted line) result in a slower decay, maintaining
higher radiation levels over a longer period. This
demonstrates that sources with shorter half-lives
present a quick but temporary radiation risk, whereas
those with longer half-lives pose a prolonged risk.
The implication is that longer half-lives require
extended protective measures to mitigate sustained
exposure.

Radiation Dose Rate Over Time
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Figure 5: Radiation Dose Rate Over Time

Figure 6: illustrates the difference between short-
term and long-term dose accumulation over time. The
short-term approximation (blue dashed line) follows
a linear trend, suggesting continuous and unlimited
accumulation. However, the actual long-term dose
accumulation (red solid line) rises initially but
eventually levels off near a maximum dose limit
(Dmax black dotted line). This indicates that in real-

world scenarios, factors such as biological
adaptation, elimination processes, or system
saturation prevent indefinite accumulation. The key
takeaway is that short-term exposure models can
overestimate risks if long-term saturation effects are
not considered.
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Dose Accumulation: Short vs Long Term Exposure
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Figure 6: Dose Accumulation: Short vs Long Term
Exposure

CONCLUSION

This study highlights the critical influence of decay
constants, half-lives, and initial dose rates on
radiation dose accumulation, providing valuable
insights for radiation protection and health physics.
The results demonstrate that sources with shorter
half-lives and lower decay constants cause rapid
initial dose accumulation, but this rate decreases and
stabilizes over time. In contrast, sources with longer
half-lives and higher decay constants lead to a slower
decay and prolonged exposure. These findings
emphasize the need for careful management of decay
rates and exposure durations, especially in
environments with radioactive materials. The ability
to control these factors is essential for minimizing
long-term radiation risks and improving radiation
safety protocols. This work has direct implications
for radiation protection strategies, underscoring the
importance of monitoring dose accumulation over
extended periods to safeguard public health and
reduce potential radiation-induced health effects.

ACKNOWLEDGMENT

The authors declare that there are no conflicts of
interest related to this study.

IRE 1707370

[1]

(2]

[3]

[4]

[5]

[6]

[7]

8]

(9]

REFERENCES

Boos J, Meineke A, Bethge OT, et al. Dose
monitoring in radiology departments: status quo
and future perspectives. Rofo 2016; 188: 443-
450.

International Atomic Energy Agency. IAEA
Safety Standards for protecting people and the
environment. General Safety Guide No. GSG-7,
2018. Auvailable at: https://www-
pub.iaea.org/mtcd/publications/pdf/pub1785_we
b.pdf.

Kang KW. History and organizations for
radiological protection. J Korean Med Sci 2016;
31 Suppl 1: S4-S5.

Clarke RH, Valentin J. The history of ICRP and
the evolution of its policies. Ann ICRP 2009;
39: 75-110.

European Society of Radiology. Summary of
the European Directive 2013/59/Euratom:
essentials for health professionals in radiology.
Insights Imaging 2015; 6: 411-417.

Niebuhr, M., Rihle, M., & Miller, M. (2021).
Biologically equivalent dose (bEQDd) model
and its application to hypofractionated
treatments. International Journal of Radiation
Oncology, Biology, Physics, 111(3), S54-S55.
https://doi.org/10.1016/j.ijrobp.2021.07.004

Vassiliev, O. N. (2022). Accumulation of
sublethal radiation damage and its effect on cell
survival. Physics in Medicine & Biology, 68(1),
015004. https://doi.org/10.1088/1361-
6560/acabe7

Kuo, L., Hu, Y.C., Ballangrud, A., Deasy, J.O.,
Zhang, P., & Cervino, L.I. (2021). Estimating
cumulative radiation dose to organs at risk for
Glioblastoma  Multiforme cases via a
radiotherapy  dose  accumulation  routine.
International Journal of Radiation Oncology,
Biology, Physics, 111(3), S54-S55.
https://doi.org/10.1016/j.ijrobp.2021.07.005

Tangsiwong, T., Phewplung, T., & Trinavarat,
P. (2021). Factors affecting high cumulative
radiation exposure from pediatric computed
tomography. Polish Journal of Radiology, 86,
455-460.
https://doi.org/10.5114/pjr.2021.108352

ICONIC RESEARCH AND ENGINEERING JOURNALS 43



[10]

[11]

[12]

[13]

[14]

[15]

IRE 1707370

© MAR 2025 | IRE Journals | Volume 8 Issue 9 | ISSN: 2456-8880

Ginn, J. et al. (2024). A Dose Accumulation
Assessment of Alignment Errors During
Spatially ~ Fractionated Radiation Therapy.
Practical Radiation Oncology, 14(4), e283-
€290. https://doi.org/10.1016/j.prr0.2023.11.015

Wong-Siegel, J. R., Glatz, A. C., McCracken,
C., Lee, C,, Kitahara, C. M., Veiga, L. H. S,,
Zhang, Y., Goldstein, B. H., Petit, C. J.,
Qureshi, A. M., Nicholson, G. T. IlI, Law, M.
A., Meadows, J., Shahanavaz, S., O’ Byrne, M.
L., Batlivala, S. P., Pettus, J.,, Beshish, A,
Mascio, C. E., Zampi, J. D. (2024).
Cumulative radiation exposure and lifetime
cancer risk in patients with tetralogy of Fallot
requiring early intervention. JACC: Advances,
3(10), 101239.
https://doi.org/10.1016/j.jacadv.2024.101239

Mohammed, M., Musa, A., Odoh, E. O., &
Yerima, J. B. (2024). Assessment of
occupational dose level from conventional X-
ray on personnel in Federal Medical Center,
Jalingo, Taraba State, Nigeria. Dutse Journal of
Pure and Applied Sciences, 10(2c).
https://doi.org/10.4314/dujopas.v10i2c.21

Bryant, J. M., Cruz-Chamorro, R. J., Gan, A.,
Liveringhouse, C., Weygand, J., Nguyen, A.,
Keit, E., Sandoval, M. L., Sim, A. J., Perez, B.
A., Dilling, T. J., Redler, G., Andreozzi, J.,
Nardella, L., Naghavi, A. O., Feygelman, V.,
Latifi, K., & Rosenberg, S. A. (2024). Structure-
specific rigid dose accumulation dosimetric
analysis of ablative stereotactic MRI-guided
adaptive radiation therapy in ultracentral lung
lesions. Communications Medicine, 4, Article
96. https://doi.org/10.1038/s43856-024-00491-6

Hardcastle, N., Vasquez Osorio, E., Jackson, A.,
West, N. S., Zailaa, A., Appelt, A. L., & others.
(2024). Multi-centre evaluation of variation in
cumulative dose assessment in reirradiation
scenarios. Radiotherapy & Oncology, 194,
110184.
https://doi.org/10.1016/j.radonc.2024.110184

He, S., Wirth, B. D., Snead, L., Trelewicz, J. R.,
Katoh, Y., Zinkle, S. J., & Marian, J. (2024).
Simulations of radiation damage accumulation
in Fe-9Cr under pulsed irradiation conditions
representative of inertial fusion energy. Journal

[16]

[17]

[18]

[19]

[20]

[21]

[22]

of  Nuclear Materials, 601, 155325.
https://doi.org/10.1016/j.jnucmat.2024.155325

Kim, G., Lee, M., Jung, Y., Yoon, E., & Ahn, S.
(2024). Simulation of radiation damage and He
accumulation induced by '°B(n, a))’Li reactions
in Al-B4C neutron absorbers used in spent fuel
pools. International Journal of Energy
Research. https://doi.org/10.1155/2024/8812313

Guo, M., Wu, F., Hu, J., & Wang, M. (2021).
Estimation and simulation of human exposure
dose based on dynamic radiation field. Energy
Reports, 7(Suppl. 7), 814-821.
https://doi.org/10.1016/j.egyr.2021.09.192

Abolfath, R., Afshordi, N., Rahvar, S., van
Duin, A. C. T., Réadler, M., Taleei, R., Parodi,
K., Lascaud, J., & Mohan, R. (2024). A
molecular dynamics simulation framework for
investigating ionizing radiation-induced nano-
bubble interactions at ultra-high dose rates. The
European Physical Journal D, 78, Article 141.
https://doi.org/10.1140/epjd/s10053-024-0141-5

Cella, L., Monti, S., Pacelli, R., & Palma, G.
(2024). Modeling frameworks for radiation-
induced lymphopenia: A critical review.
Radiotherapy & Oncology, 190, 110041.
https://doi.org/10.1016/j.radonc.2023.110041

Ramoisiaux, E., Hernalsteens, C., Tesse, R.,
Gnacadja, E., Pauly, N., & Stichelbaut, F.
(2023). Ambient dose simulation of the
ProtherWal proton therapy centre radioactive
shielding decay using BDSIM and FISPACT-II.
EPJ Nuclear Sciences & Technologies, 9, 27.
https://doi.org/10.1051/epjn/2023011
Mtynarczyk, D., Puig, P., Armero, C., Gobmez-
Rubio, V., Barquinero, J. F., & Pujol-Canadell,
M. (2022). Radiation dose estimation with time-
since-exposure uncertainty using the y-H2AX
biomarker. Scientific Reports, 12, 19877.
https://doi.org/10.1038/s41598-022-24331-1

Okedeyi, S. A., Kayode, Y. O., Joshua, A.,
Atilade, A. O., Ikuemonisan, F. E., Ajose, A. S.,
Kasika, F. A., Odubote, B. O., & Ejire-
Adedolapo, B. A. (2024). Assessing annual
exposure dose and other radiological parameters
from cosmic radiation among flight crews in
Nigerian local airline. FUDMA Journal of

ICONIC RESEARCH AND ENGINEERING JOURNALS 44



© MAR 2025 | IRE Journals | Volume 8 Issue 9 | ISSN: 2456-8880

Sciences, 8(1), 183-189.
https://doi.org/10.33003/fjs-2024-0801-2203

[23] D. Laurier, Y. Billarand, D. Klokov, and K.
Leuraud, "The scientific basis for the use of the
linear no-threshold (LNT) model at low doses
and dose rates in radiological protection,” J.
Radiol. Prot., vol. 43, no. 2, p. 024003, 2023.
doi: 10.1088/1361-6498/acdfd7.

IRE 1707370 ICONIC RESEARCH AND ENGINEERING JOURNALS 45



