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A B S T R A C T

Purpose: The objective of this study was to estimate the total effective dose using the updated dose coefficient, 
and assess the associated cancer risk from radiation exposure in patients undergoing positron emission tomog
raphy (PET)/computed tomography (CT) for lymphoma indications.
Methods: This study included 103 patients who underwent FDG-PET/CT. The effective radiation doses to the 
body was calculated by summing the contribution from internal dosimetry, using the updated dose coefficients 
based on the ICRP approach, and external dosimetry, using the NCICT software. Based on the effective organ 
doses and utilizing the risk model introduced in the Biological Effects of Ionizing Radiation VII report, the 
lifetime attributable risk for cancer incidence (LARCI) and mortality (LARCM) were estimated on an organ- 
specific basis.
Results: The mean effective dose was 12.4 ± 2.8 mSv (range, 5.1–20.2 mSv), with CT contributing for 74% of the 
total dose. The LARCI and LARCM values varied by age and sex, with the most pronounced age-related declines 
observed in the uterus, ovary, and breast for female LARCI (R2 

= 0.83, 0.80, and 0.75, respectively) and in the 
liver, stomach, and colon for male LARCI (R2 = 0.71, 0.64, and 0.60, respectively). Similarly, the strongest 
associations for LARCM were found in the breast, uterus, and ovary for females (R2 = 0.75, 0.75, and 0.73, 
respectively) and in the stomach and liver for males (R2 = 0.66 and 0.63, respectively).
Conclusion: PET/CT scans involve radiation exposure that varies with age and sex, posing higher risks to 
radiosensitive organs especially at younger ages.

1. Introduction

The integration of positron emission tomography (PET) and 
computed tomography (CT) in PET/CT systems has revolutionized the 
field of diagnostic imaging, providing a powerful tool for the detection, 
staging, and characterization of human diseases, particularly malignant 
tumors, and the evaluation of treatment responses [1]. While the CT 
component of PET/CT imaging is based on transmission imaging, 
capturing X-rays that pass through the body to create anatomical im
ages, the PET component relies on emission imaging, where a radio
pharmaceutical highlights metabolic and functional processes [2].

The most widely used positron-emitting radiopharmaceutical in 
clinical PET/CT imaging is [fluorine-18] 2-fluoro-2-deoxy-D-glucose 
(18F-FDG), which has a half-life of 109.7 min. This compound is syn
thesized through radiochemical synthesis in a cyclotron, and decays to 
stable oxygen-18. 18F-FDG is transported into cells via glucose trans
porters on the cell membrane and participates in the initial stages of 
glycolysis, enabling PET imaging to highlight areas of increased meta
bolic activity, often associated with cancer [3].

Although hybrid PET/CT technology has significantly enhanced 
diagnostic accuracy, it has also increased patient radiation exposure 
compared to stand-alone CT or PET scans. This is because the effective 
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dose from a PET/CT scan combines the doses from both PET and CT 
modalities [4]. As a result, the radiological protection for patients un
dergoing PET/CT scans remains a significant concern. The doses to the 
patients and corresponding radiation risk from a PET/CT scanner is 
influenced by several factors such as the type and amount of the imaging 
protocol, radiopharmaceutical administered, the technical parameters 
of the CT scan, and the patient's physiological characteristics [5].

Lymphoma is a cancer of the lymphatic system, which is divided into 
Hodgkin lymphoma (HL), accounting for 10% of cases, and non- 
Hodgkin lymphoma (NHL), which comprises about 90% of lymphoma 
cases. Given that lymphoma is a major global health issue with 545,000 
new cases diagnosed in 2020, and that many lymphoma patients can live 
normal lifespans post-treatment, assessing radiation risks in lymphoma 
patients is crucial [6].

The effective dose, as proposed by the International Commission on 
Radiological Protection (ICRP), is a widely used metric in medical 
radiology for risk management and estimating stochastic effects, such as 
cancer and hereditary effects [7]. It is designed to provide a standard
ized measure of radiation exposure that accounts for the type of radia
tion and sensitivity of different tissues to radiation. However, the 
effective dose does not incorporate age and sex dependencies, which are 
known to significantly influence radiation risk. This has led to criticism 
of the concept, as it may not fully capture the true risk for individuals, 
particularly for younger patients or those undergoing repeated expo
sures [8]. The Committee on the Biological Effects of Ionizing Radiation 
(BEIR VII) supports the linear no-threshold (LNT) model for cancer risk 
at lower doses, suggesting that the risk increases linearly with the ra
diation dose without threshold [8]. The committee has proposed the 
concept of the Lifetime Attributable Risk (LAR), which quantifies the 
probability of the radiation-induced cancer over an individual’s lifetime, 
taking into account age at exposure and sex [9]. This approach provides 
a more personalized risk assessment, which is particularly relevant for 
individuals undergoing repeated diagnostic imaging procedures, such as 
CT and PET scans.

In this study, first, we aim to estimate the effective dose using the 
recently updated dose coefficients, which are going to be introduced by 
the ICRP for dosimetry [10]. Unlike the previous ICRP Publication 128, 
which utilized sex-averaged dose coefficients, these newly proposed 
coefficients incorporate sex-specific physiological parameters in the 
dose calculations. These values, derived from a revised bio-kinetic 
model for 2-[18F]FDG, enhance the dose assessments compared to 
prior methodologies. The updated model improves evaluating time- 
integrated activity and organ absorbed dose, addressing key chal
lenges in assessing risks for highly vascularized organs like the lungs and 
liver. Notably, the updated coefficients demonstrated differences as high 
as 90% and 44% in time-integrated activity curves for these organs, 
respectively, compared to earlier approaches [10]. The revised dose 
coefficients also incorporate an improved representation of urinary 
excretion dynamics, which enables more accurate estimation of absor
bed doses to the bladder wall. This sex-specific approach allows for more 
individualized dose assessments, representing an evolution in ICRP 
dosimetric methodology. These advancements provide a robust frame
work for evaluating organ-specific radiation risks associated with 
radiopharmaceutical administration. To our knowledge, this study is the 
first to implement these updated dose coefficients, offering a more 
precise risk assessment to enhance safety in FDG PET practices.

Using this refined effective dose estimated, we calculate the LAR for 
cancer incidence (LARCI) and cancer mortality (LARCM) across organs 
in lymphoma patients undergoing PET/CT scans. By addressing these 
two objectives, refined dosimetry and individualized organ-based risk 
modelling, the study aims to advance the characterization of radiation 
risks in patients undergoing 18F-FDG PET/CT imaging.

2. Materials and methods

2.1. Patient

The present study is a retrospective study involving the examination 
of FDG-PET/CT scans from 103 adult individuals (53 males and 50 fe
males), with a mean age of 43 years (ranging from 15 to 85 years). They 
were selected from HL and NHL patients referred to the Persian Gulf 
nuclear medicine research center in Bushehr, Iran, for whole-body PET/ 
CT. Ethical approval for this study was obtained from the institutional 
review committee. Before scanning, all patients fasted for a period of at 
least 6 h and they were permitted to drink only water during this time. 
An average of 178.6 MBq (ranging from 109.9 to 275.6 MBq) of 18F- 
FDG was intravenously injected. Following injection, patients were 
encouraged to consume 1.5 L of water and rest in the dedicated uptake 
room for about 60 min. Subsequently, patients were instructed to empty 
their bladder before undergoing the examination. Fasting blood glucose 
levels were also measured for each patient.

2.2. Scan parameters

The PET/CT studies were performed using a General Electric Dis
covery IQ PET/CT system. The CT scans were conducted using the 
following parameters: the slice thickness was set at 3.7 mm, with a pitch 
of 0.93. The detector was configured to 16 × 0.625 mm, and the beam 
collimation was 10 mm. The tube voltage was maintained at 120 kV, and 
the tube current–time product was adjusted automatically for each pa
tient. The time per bed position for PET varied based on the selected 
protocols, with durations of 1.5, 2, and 2.5 min customized to each 
patient’s need. These variations were influenced by several factors, 
including the patient’s body habitus, clinical indication, and the 
administered radiotracer dose. For instance, patients with larger body 
masses or those receiving lower radiotracer doses may require longer 
acquisition times to ensure a sufficient signal-to-noise ratio and image 
quality. Similarly, scans focusing on areas with small lesions or subtle 
tracer uptake may benefit from extended durations to enhance diag
nostic precision. Conversely, shorter acquisition times may be suitable 
for routine studies or when scanner sensitivity is high, enabling faster 
imaging without compromising quality.

2.3. Dose estimation

Internal dosimetry − To calculate the absorbed dose (DT) in a specific 
organ or tissue (T) from the administered activity (A), we used the 
approach described in ICRP 128 publication [11] as follows: 

DT(mGy) = AΓFDG
T 

In this approach (ΓFDG
T ) represents the dose coefficients, which are 

tabulated by ICRP for different organs, allowing for quick calculations of 
organ dose from the injected activity. For organs not explicitly listed in 
the table, they are classified under “other organs,” and the corre
sponding dose coefficient is used for calculations. This allows for the 
calculation of the absorbed dose for individual organs as well as the 
entire body. This approach streamlines the dosimetry process in clinical 
settings. Several research groups have used the values introduced in 
ICRP publication 128 for this purpose. In the current study, as 
mentioned earlier, we have used the updated organ dose coefficients for 
FDG that is given in Table 1 [10].

Using the formula above to calculate the absorbed dose from the 
administered activity and the formula for calculating equivalent doses 
HT for organs based on tissue weighting factors wT from ICRP publica
tion 103 [12], the effective doses from PET scans, EPET, were calculated 
as follows: 
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E(mSv) =
∑

T
wT .HT = A

∑

T
wT .ΓFDG

T 

External dosimetry − A tube voltage of 120 kVp was kept constant for all 
patients. The CT acquisition parameters including kVp, tube current 
(ranging from 220 mA to 330 mA based on patient weight), CTDI vol 
(32 cm phantom), and pitch factor as well as patient information 
including age, gender, height, and weight were extracted from the 
DICOM header information. For all patients, the scan range for CT was 
set to a whole-body scan.

We used pre-tabulated Monte Carlo (MC) based NCI software for 
dose calculations. Although there are differences between the pre- 
tabulated methods and patient-specific MC simulations, our method 
accounts for patient body habitus in term of weight and height as well as 
CT beam parameters such as kVp, bringing it one step closer to 
personalized patient-specific dosimetry [13,14].

These data were then used with the NCICT (National Cancer Institute 
dosimetry system for CT) Monte-Carlo pre-tabulated software [15] to 
calculate the organ doses and effective doses from the CT scan for pa
tients. The calculation was based on the phantom selected from the NCI 
library according to patient information. To achieve this, NCICT in
tegrates several advanced technologies, such as a library of advanced 
computational human models, detailed x-ray simulations from a refer
ence CT scanner, and an intuitive graphical interface [16].

Finally, the effective doses from [18F-FDG] PET/CT imaging were 
calculated by summing the effective doses from the PET and CT com
ponents as follows: 

E = ECT + EPET 

2.4. Radiation risk estimation

In this study we used the method introduced in the BEIR VII report to 
estimate the radiation-induced cancer risk in the form of LAR [9] in 
thyroid, stomach, colon, liver, lung, prostate, breast, uterus, ovary, and 
bladder. This parameter represents the number of additional cancer 
cases in an irradiated group compared to a non-irradiated group and is 

used for estimating all cancers including solid cancers and leukemia.
We collected the LAR values from tables 12D-1 and 12D-2 from the 

BEIR VII report. For patients whose ages were not explicitly listed in the 
tables, their values were estimated using linear interpolation between 
the two closest age groups. It should be noted that, according to these 
tables, the pediatric age group is defined as below 15 years. Therefore, 
all our patients were considered adults. Using the interpolated LAR 
values, the risk R was calculated individually for each patient and organ 
with the following equation: 

R =
∑

T
rT .HT 

Where rT represents the LAR values per unit of equivalent dose H 
received by the tissue T [8].

3. Results

The effective doses for male and female patients were calculated, 
yielding mean values of 12.0 ± 2.7 mSv for males and 12.7 ± 2.9 mSv 
for females. The distribution of effective dose values across different BMI 
categories is illustrated in Fig. 1. As depicted in the figure, the CT 
component constitutes the predominant portion of the total dose across 
all BMI groups, with a 74% contribution in the mean effective dose. The 
mean dose-length product (DLP) and volume CT dose index (CTDIvol) in 
the study were 1175.04 mGy⋅cm and 7.24 mGy, respectively. Pearson 
correlation analysis revealed a strong positive correlation between PET/ 
CT effective dose and patient body mass (P < 0.05; R2 = 0.94 for males 
and R2 = 0.73 for females), attributable to the weight-based adjustment 
of administered activity and CT scan parameters. Furthermore, multiple 
regression analysis indicated no statistically significant gender-based 
difference in effective dose when patient weight was accounted for.

Figs. 2, 3, 4, and 5 illustrate the LARCI and LARCM values for body 
organs following a single PET/CT examination. As evident from the 
figures, age plays a crucial role in both LARCI and LARCM. For female 
LARCI values, the strongest associations with age-related decline were 
observed in the uterus (R2 = 0.83), ovary (R2 = 0.80), and breast (R2 =

0.75). Moderate associations were found in the stomach (R2 = 0.59) and 
lung (R2 = 0.54). Similarly, for female LARCM values, the breast (R2 =

0.75), uterus (R2 = 0.75), and ovary (R2 = 0.73) demonstrated the 
strongest associations, while the bladder (R2 = 0.52) and lung (R2 =

0.52) showed moderate associations. In male patients, LARCI values 
showed the strongest associations in the liver (R2 = 0.71), stomach (R2 

= 0.64), and colon (R2 = 0.60), while moderate associations were 
observed in the thyroid (R2 = 0.54) and bladder (R2 = 0.56). For male 
LARCM values, the strongest associations were observed in the stomach 
(R2 = 0.66) and liver (R2 = 0.63), with weaker associations for the 
bladder (R2 = 0.29). The prostate showed a negligible association for 

Table 1 
Updated organ dose coefficients for FDG (mGy/MBq) [10].

Organ Adult male Adult female

Adrenals 1.4E − 02 1.6E − 02
Brain 3.0E − 02 3.3E − 02
Breast 7.6E − 03 9.7E − 03
Colon wall 1.2E − 02 1.5E − 02
Endosteum 1.0E − 02 1.2E − 02
Extrathoracic region 7.6E − 03 8.5E − 03
Gallbladder wall 1.1E − 02 1.3E − 02
Heart wall 6.5E − 02 8.4E − 02
Kidneys 2.0E − 02 2.3E − 02
Liver 1.5E − 02 1.8E − 02
Lungs 1.3E − 02 1.7E − 02
Lymphatic nodes 1.3E − 02 1.4E − 02
Muscle 8.3E − 03 1.0E − 02
Oesophagus 1.5E − 02 1.7E − 02
Oral mucosa 8.8E − 03 9.9E − 03
Ovaries − - 2.4E − 02
Pancreas 1.6E − 02 1.8E − 02
Prostate 2.7E − 02 − –
Red bone marrow 1.5E − 02 1.8E − 02
Salivary glands 7.8E − 03 9.7E − 03
Skin 6.3E − 03 7.7E − 03
Small intestine wall 1.3E − 02 1.7E − 02
Spleen 1.4E − 02 1.7E − 02
Stomach wall 1.2E − 02 1.3E − 02
Testes 8.6E − 03 − -
Thymus 9.8E − 03 1.2E − 02
Thyroid 9.1E − 03 1.1E − 02
Urinary bladder wall 7.5E − 02 9.2E − 02
Uterus/cervix – 3.3E − 02

Fig. 1. Mean effective doses from CT and PET scans in PET/CT examinations of 
lymphoma patients, categorized by BMI (Note that only female patients had 
BMI > 40).
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LARCM (R2 = 0.07, p > 0.05) and moderate association for LARCI (R2 =

0.59).

4. Discussion

The potential risk associated with radiation exposure is an essential 
consideration in evaluating PET/CT scanning in clinical practice. 
Accurately quantifying and understanding this radiation risk is crucial 
for assessing the risk–benefit ratio of the procedure and moving towards 
safer procedure for patients. This personalized measurement can be 
useful for both the justification and optimization steps.

One common way to quantify the risk is to use the effective dose 

which provides a metric to relate radiation exposure to the potential 
radiation-induced risk by accounting for tissue and organ sensitivities 
and the biological effectiveness of different ionizing radiations. This 
allows for a comparative analysis of the radiation-induced risks from the 
radiopharmaceutical and the x-ray components of the PET/CT scan. For 
calculating the organ dose from 18F-FDG, we used new dose coefficients 
that are going to be published in the revised version of the ICRP publi
cation 128. While several studies have addressed the calculation of 
LARCI and LARCM for PET/CT, to our knowledge, this is the first to 
apply the recently proposed coefficients for this purpose.

The effective dose for the lymphoma patients undergoing PET/CT in 
this study was 12.4 ± 2.8 mSv. The effective dose increased with the 

Fig. 2. Life-Attributable Risk of Cancer Incidence (LARCI) from FDG PET/CT scans for male patients, categorized by age.

Fig. 3. Life-Attributable Risk of Cancer Mortality (LARCM) from FDG PET/CT scans for male patients, categorized by age.
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patient’s body mass and showed a strong correlation. The maximum 
effective dose was 17.5 mSv (3.6 mSv from PET and 13.9 mSv from CT) 
in a patient with a BMI of 26.8. To put this into perspective, this value is 
more than 7 times higher than the annual global background radiation 
of 2.4 mSv. Although this effective dose didn’t belong to the highest 
BMI, the patient who had the highest BMI had comparable effective dose 
of 16.2 mSv. For comparison, the minimum effective dose was 5.6 mSv 
which was for the patient with the BMI of 15.2. This correlation between 
effective dose from PET/CT and BMI can be of concern, especially those 
with high BMIs.

The calculated effective dose in this study is in close agreement with 
the values observed by Mahmud et al. and Paiva et al. where they 

reported effective doses of 13.8 and 16.0 mSv for their patients, 
respectively [17,18]. There were, however, some studies who reported 
values either lower or higher than our observations. For example, Quinn 
et al. and Kessara et al. reported effective doses of respectively 24.4 mSv 
and 20.5 mSv [19,20], and Saleh et al. calculated effective dose of 8.2 ±
1.3 mSv for their lymphoma patients who underwent FDG PET scan 
[21]. This variation in the effective dose reported by different groups 
can be attributed to several parameters as follows:

Dose from the CT can be influenced by the scanner type and scanning 
protocol. For instance, a study showed that the dose index for multi-slice 
CT scanners is generally about 34% higher than that of single-slice 
scanners, though newer multi-slice models may incorporate dose 

Fig. 4. Life-Attributable Risk of Cancer Incidence (LARCI) from PET/CT scans for female patients, categorized by age.

Fig. 5. Life-Attributable Risk of Cancer Mortality (LARCM) from PET/CT scans for female patients, categorized by age.
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reduction technologies [22,23]. As shown in another study, the number 
of detector rows also influences the effective dose, with 64-detector row 
CT systems averaging 7.5 mSv for comprehensive stroke imaging, 
whereas 320-detector row CT systems deliver approximately 10.6 mSv 
for the same protocol [24]. Scanner settings and protocols are the most 
significant drivers of dose variation, as technical parameters such as X- 
ray tube settings and scan area can differ widely between institutions 
leading to different CTDIvol [25].

Another set of parameters affecting effective dose in PET/CT imaging 
are factors related to functional imaging. Patient-specific parameters 
such as body mass index and blood glucose, together with the institu
tional protocols, and scanner technology are among the factors that may 
affected the activity administered by a factor of more than five and 
consequently affect the absorbed dose [26].

Of the total effective dose our patients received, CT accounted for 
74% of the dose, which is close to the 73% and 73.5% reported by Salah 
et , and Brix et , respectively [21,27]. Higher radiation dose from the CT 
component, which is the result of enhanced setting to acquire good 
quality anatomical images, explains the higher contribution of CT to the 
effective dose and cancer risks [28].

The effective dose has been successfully used to compare the relative 
risks of different radiation exposures. However, to account for factors 
beyond absorbed dose and tissue radio-sensitivity, LAR can be used, as 
recommended in the BEIR VII report [29–31]. LAR represents the like
lihood that an individual will develop or die from cancer due to radia
tion exposure, referred to as LARCI and LARCM, respectively [9]. The 
LAR values are expected to have a negative correlation with age, which 
is explained by the fact that radio-sensitivity of organs is higher at 
younger ages [9,32–34]. In line with other studies, the result of our 
analysis also highlighted a clear age-dependent decline in LARCI and 
LARCM across multiple organs, with notable sex-specific differences.

In females, reproductive and glandular tissues, namely the uterus, 
ovary, and breast, exhibited the strongest association with aging, 
reflecting their change of radio-sensitivity and biological vulnerability 
over time. For male patients, the liver and stomach demonstrated more 
pronounced correlations with age, suggesting that metabolic and 
digestive tissues are heavily influenced by age-related physiological 
changes that affect radiation-induced risk. The weaker associations 
observed for the prostate and bladder underscore important tissue- 
specific aging processes and variations in radiation sensitivity. These 
observations underline importance of organ- and sex-specific ap
proaches to dose–response evaluations in nuclear medicine. These 
findings are consistent with observations reported in similar in
vestigations which have likewise demonstrated that sex hormones, 
cellular proliferation rates, and endocrine factors can alter tissue 
responsiveness to radiation over a lifetime [35]. Immunological and 
hormonal differences between males and females are responsible for the 
different responses observed between the sexes [36].

The pronounced age dependence in the uterus, ovary, and breast in 
females and liver and stomach in males underscores potential vulnera
bility in younger female patients, suggesting a greater need for dose 
optimization in reproductive tissues. By integrating organ-specific co
efficients that reflect both sex and age, nuclear medicine practitioners 
can move closer to precision dosimetry, thereby improving patient 
safety and treatment efficacy.

Building on these findings, it is important to acknowledge that the 
primary limitation of this study is the use of LAR values from the BEIR 
VII report, which are based on U.S. population data. These values may 
require adjustment when applied to a different population with distinct 
demographic and geographic characteristics. To enhance the accuracy 
of radiation risk assessment, future research should incorporate cancer 
incidence rates specific to the Iranian population, providing a more 
representative baseline and refined LAR estimates. Another limitation is 
the relatively small sample size, which may impact the statistical 
strength of the correlation between organ-specific LAR and age. To 
improve the reliability of these findings and better assess age-related 

variations in radiation risk, future studies should include a larger and 
more diverse population.

5. Conclusions

In this study, within SINFONIA which was an EU-funded project 
entitled radiation risk appraisal for detrimental effects from medical 
exposure during management of patients with lymphoma or brain 
tumor, the effective dose and associated radiation risk in lymphoma 
patients undergoing 18F-FDG PET/CT examinations were estimated 
using recently updated dose coefficients. In the context of this European 
project, the study addresses the need for improved assessment of cu
mulative radiation exposure from repeatedly performed diagnostic im
aging in a sensitive patient population. By providing quantitative 
estimates of patient dose from PET/CT, a modality widely used in 
lymphoma staging, response assessment, and follow-up, the study sup
ports SINFONIA’s objective of reinforced medical exposure risk 
appraisal and contributes reference data for patient-centered dosimetry, 
uncertainty evaluation, and future dose optimization strategies within 
integrated imaging and therapy pathways. This work is consistent with 
other investigations in this project [37–39] that use quantitative dose 
data to support radiation protection and risk appraisal across different 
clinical exposure scenarios.

PET/CT scanning provides significant diagnostic and therapeutic 
insights, but it also imposes a radiation dose that should not be over
looked, particularly for younger or overweight patients who may be 
more susceptible to long-term adverse effects. Our findings indicate 
variability across effective dose measurements, driven by factors such as 
administered activity, CT protocols, technology of the scanner, and 
pathology types. Moreover, the CT component was frequently the 
dominant contributor to the total effective dose.

This study shows that LARCI and LARCM values vary with age and 
sex, with younger individuals and women facing higher risks. These 
observations highlight the need for personalized radiation protection 
strategies, where the sex, age, and clinical status of each patient inform 
decision-making regarding scan protocols and follow-up intervals.

The results reported in this study were from single PET/CT scans. As 
cancer patients often undergo multiple radiological studies, clinicians, 
radiologists, and medical physicists must remain attentive to cumulative 
doses. Larger-scale, prospective investigations will be instrumental in 
validating our findings, guiding the development of evidence-based 
surveillance protocols, and minimizing secondary cancer risks. Ulti
mately, a comprehensive understanding of both the benefits and risks of 
PET/CT scans will support efforts to optimize patient care, ensuring that 
diagnostic and therapeutic objectives are met while limiting unnec
essary radiation exposure. This integrated approach to risk–benefit 
assessment is especially relevant for vulnerable populations, thereby 
enhancing patient safety and outcomes in nuclear medicine practice.
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