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Abstract 
This study investigates out-of-field radiation doses and associated risks in radiotherapy using 
experimental measurements and standard dosimetry techniques. Radiotherapy is a primary 
modality for cancer treatment, delivering therapeutic radiation doses to tumors while minimizing 
exposure to surrounding tissues. Although radiation outside the treatment field is small, it can still 
cause late radiogenic effects. This study investigates out-of-field doses and related risks using an 
Alderson Rando phantom and a 60Co teletherapy beam. Absorbed doses in target organs and 
effective doses in peripheral organs were measured with thermoluminescence dosimeters (TLDs). 
Dosimetry was performed using an FC65G Farmer chamber, NE2575 ion chamber, and water 
phantom following IAEA TRS-398 protocols. TLDs were placed at different depths in target 
organs, including the left lung, right lung, stomach, and on the surface of peripheral organs. 
Irradiations were performed at 100 cGy and 200 cGy, and the TLD readings were obtained using 
a calibrated TLD reader. Measured organ doses were very close to or slightly lower than the 
expected values at most depths. The TLDs showed a linear dose response with an uncertainty of 
1.54%.  Depth dose correction factors for 60Co beams were calculated to ensure accurate treatment 
and maximum dose delivery. The depth-dose correction factors obtained in this study for the lung, 
stomach, kidney, and spleen are 0.897±0.028, 0.775±0.023, 0.765±0.027, and 0.723±0.118, 
respectively. Age dependent secondary cancer risks were also estimated from the measured out-
of-field doses. The findings provide useful data to support the optimization of treatment planning 
and to minimize the risk of secondary cancers in radiotherapy patients. 

Keywords: Alderson Rando phantom, Thermoluminescence dosimeter (TLD), Out-
of-field dose, Secondary cancer risk 
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mvigg©: G M‡elYvq cix¶v-wbf©i cwigvc Ges gvbm¤§Z †WvwR‡gwUª †KŠkj e¨envi K‡i 
†iwWI‡_ivwc‡Z wPwKrmv †¶‡Îi evB‡ii wewKiY †WvR Ges Gi m‡½ mswkøó SzuwK we‡kølY Kiv 
n‡q‡Q| †iwWI‡_ivwc K¨vÝvi wPwKrmvi GKwU cÖavb c×wZ, hv wUDgv‡i wPwKrmvg~jK wewKiY 
†WvR †cŠu‡Q †`q Ges Pvicv‡ki wUmy¨¸wj‡Z wewKiY Kgv‡bvi †Póv K‡i| hw`I wPwKrmv †¶‡Îi 
evB‡i wewKiY cwigvY Kg, ZeyI GwU ̀ xN©‡gqvw` wewKiYRwbZ ¶wZKi cÖfve m„wó Ki‡Z cv‡i| 
G M‡elYvq Aìvimb i¨v‡Ûv d¨v›Ug Ges †Kvevë-60 †Uwj‡_ivwc weg e¨envi K‡i wPwKrmv 
†¶‡Îi evB‡ii wewKiY †WvR Ges Gi m‡½ m¤úwK©Z SzuwK AbymÜvb Kiv n‡q‡Q| j¶¨ A½mg~‡n 
†kvwlZ wewKiY †WvR Ges cvk¦©eZ©x A½¸‡jvi Kvh©Ki †WvR _v‡g©vjywg‡b‡mÝ †WvwRwgUvi (TLD) 
e¨envi K‡i cwigvc Kiv n‡q‡Q| IAEA TRS-398 wb‡`©wkKv AbymiY K‡i FC65G dvg©vi 
†P¤^vi, NE2575 Avqb †P¤^vi Ges IqvUvi d¨v›Ug e¨envi K‡i †WvwR‡gwUª m¤úbœ Kiv n‡q‡Q| 
evg dzmdzm, Wvb dzmdzm I cvK¯’jxmn wewfbœ j¶¨ A‡½ wfbœ wfbœ MfxiZvq Ges cvk¦©eZ©x 
A½¸‡jvi c„‡ô TLD ¯’vcb Kiv nq| 100 †mw›U‡Mª Ges 200 †mw›U‡Mª †Wv‡R wewKiY cÖ`vb Kiv 
nq Ges gvbvbyhvqx (K¨vwj‡eª‡UW) TLD wiWvi e¨envi K‡i cvV †bIqv nq| AwaKvsk MfxiZvq 
cwigvcK…Z A‡½i †WvR cÖZ¨vwkZ gv‡bi Lye KvQvKvwQ ev mvgvb¨ Kg cvIqv †M‡Q| TLD-
¸‡jvi †WvR cÖwZwµqv ˆiwLK wQj Ges AwbðqZv wQj 1.54%| mwVK wPwKrmv wbwðZKiY Ges 
m‡e©v”P †WvR mieiv‡ni Rb¨ †Kvevë-60 we‡gi Rb¨ MfxiZv-†WvR ms‡kvab ¸YK wbY©q Kiv 
n‡q‡Q| G M‡elYvq dzmdzm, cvK¯’jx, wKWwb Ges cøxnvi Rb¨ cÖvß MfxiZv-†WvR ms‡kvab 
¸YK h_vµ‡g 0.897±0.028, 0.775±0.023, 0.765±0.027 Ges 0.723±0.118| 
cwigvcK…Z †¶‡Îi evB‡ii †Wv‡Ri wfwË‡Z eqmwfwËK ˆØwZwqK K¨vÝv‡ii SzuwKI wbiƒcY Kiv 
n‡q‡Q| G M‡elYvi djvdj †iwWI‡_ivwc †ivMx‡`i wPwKrmv cwiKíbv DbœZ Ki‡Z Ges 
ˆØwZwqK wØZxwqK K¨vÝv‡ii SzuwK Kgv‡Z ¸iæZ¡c~Y© Z_¨ cÖ`vb K‡i| 

 

1. Introduction 
This work aimed to investigate the out-of-field dose and associated secondary cancer 
risks and other long-term stochastic health effects due to unintended radiation exposure 
to nearby organs from high-energy photon beams generated by 60Co machines. Precise 
estimation of such risks typically requires widespread observational lessons, which 
usually involve large-scale potential studies and long-term sequel.  
In external beam radiotherapy, it is crucial to achieve a uniform dose distribution between 
the target tissues while minimizing the radiation exposure to the surrounding healthy tissues. 
This approach reduces the risk of secondary carcinomas in organs of out-of-field sites. 
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1. Introduction 
This work aimed to investigate the out-of-field dose and associated secondary cancer 
risks and other long-term stochastic health effects due to unintended radiation exposure 
to nearby organs from high-energy photon beams generated by 60Co machines. Precise 
estimation of such risks typically requires widespread observational lessons, which 
usually involve large-scale potential studies and long-term sequel.  
In external beam radiotherapy, it is crucial to achieve a uniform dose distribution between 
the target tissues while minimizing the radiation exposure to the surrounding healthy tissues. 
This approach reduces the risk of secondary carcinomas in organs of out-of-field sites. 

 

The treatment planning systems (TPS) often underestimate out-of-field dose, with 
the degree of underestimation increasing with the distance from the field edge [1]. In 
Intensity Modulated Radiation Therapy (IMRT), TPS underestimated the out-of-field 
dose by an average of 50% and was more noticeable at greater distances from the 
treatment field. In addition to that, the collimator scatter was also underestimated by 
the TPS near the treatment field [1]. 
The TiGRT TPS underestimates out-of-field doses, with discrepancies increasing 
toward the field edge. Toossi et al. [2] reported an average underestimation of 
approximately 39%, while in-field dose accuracy remained acceptable. The TiGRT 
TPS employs modified generic algorithms for 3D conformal radiotherapy (3D-CRT) 
and IMRT. 
Sarli et al. [3] compared three different radiotherapy techniques for breast cancer and 
observed statistically similar dose values between the right and left breasts. However, 
significant differences in dose values were identified among the techniques. Mean 
peripheral doses were 7.16±1.61 cGy for 3D-CRT, 27.75±3.88 cGy for IMRT, and 
12.20±2.65 cGy for VMAT, demonstrating technique-dependent variations. 
Monte Carlo (MC) modeling of out-of-field dose deposition was investigated by 
Clasie et al. [4], and agreement within 30% between simulations and measurements 
at distances of 10 - 20 cm from the field edge were reported. Neutron contributions 
to passive scattering dominated the total dose beyond the Bragg peak, accounting for 
65–80% of the dose at distances greater than 10 cm. 
Ruben et al. [5] showed that collimator and head scatter dominate out-of-field doses 
in IMRT, whereas patient scatter is the primary source in 3D-CRT.  
Mazonakis et al. [6] examined peripheral organ doses and secondary cancer risk in 
photon radiotherapy, highlighting the limitations of water tanks and slab phantoms 
for organ-specific dosimetry. Direct measurements using anthropomorphic phantoms 
and TLDs were found to be more reliable. 
Scarboro et al. [7] assessed the effect of stomach size and position relative to the field 
border using TLDs. Mean stomach doses ranged from 0.43 to 0.83 Gy for a delivered 
dose of   30 Gy, with no significant differences observed for symmetric expansion or 
lateral shifts up to 3 cm. 
Howell et al. [8] demonstrated that inaccuracies in low-dose regions of dose–volume 
histograms (DVHs) can significantly affect mean organ dose estimates when 
discrepancies exceed 5%. They recommended combining TPS-calculated DVHs with 
measured data using volume-weighted techniques. 
Osman Vefa Gul [9] investigated peripheral doses in electron beam radiotherapy and 
found that doses outside 6×6 cm² and 10×10 cm² applicator fields decreased 
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discrepancies exceed 5%. They recommended combining TPS-calculated DVHs with 
measured data using volume-weighted techniques. 
Osman Vefa Gul [9] investigated peripheral doses in electron beam radiotherapy and 
found that doses outside 6×6 cm² and 10×10 cm² applicator fields decreased 

 

approximately linearly up to about 3.5 cm from the applicator edge for electron 
energies of 6–18 MeV. Beyond this region, dose reduction depended on applicator 
type and measurement depth. 
Verdera et al. [10] reported that secondary neutron doses in boron neutron capture 
therapy (BNCT) can approach established equivalent dose limits under certain 
conditions and proposed reference limits of 5 mSv/Gy at 15 cm and 1 mSv/Gy(w) at 
50 cm from the field edge.  
Matuszak et al. [11] evaluated non-target and out-of-field doses in electron beam 
radiotherapy, emphasizing the need for comprehensive dosimetric assessment to 
reduce unintended exposure to healthy tissues.  
Aghdam et al. [12] measured out-of-field doses in intraoperative electron 
radiotherapy using TLDs, reporting absorbed doses of 0.033–0.545 mGy/MU. Dose 
levels depended on applicator size, energy, and distance, and agreement with ion 
chamber measurements was within 1.82%, validating TLD-100 for intraoperative 
electron radiotherapy (IOeRT) dosimetry.  
Attalla et al. [13] assessed commercial TPS accuracy using GATE/GEANT4 MC 
simulations and established that PROWESS© TPS underestimated out-of-field doses 
by 34–65%, with underestimation increasing with field size, depth, and distance from 
the field edge.  
Although out-of-field doses are substantially lower than in-field doses, they 
contribute to long-term radiation risks in non-target organs. Scatter and leakage 
radiation from linear accelerators can deliver measurable peripheral doses, 
highlighting the importance of accurate dosimetric assessment using 
anthropomorphic phantoms and advanced measurement techniques [14–16]. 
Although out-of-field doses have been extensively studied using various radiotherapy 
techniques, TPS, MC simulations, and experimental methods, uncertainties remain 
in estimating peripheral photon doses and related long-term stochastic risks. TPS 
often underestimate low-dose regions, and many experimental studies rely on 
simplified phantoms or specialized facilities. Data for 60Co photon beam 
radiotherapy, still widely used clinically, are limited. Therefore, this work aimed to 
investigate out-of-field doses and associated secondary cancer risks and other long-
term stochastic effects from high-energy photon beams generated by 60Co machines 
for providing clinically relevant measurements to improve dose assessment, patient 
safety, and risk-informed treatment planning. 
2. Experimental Details 
The experiment was carried out at the Secondary Standard Dosimetry Laboratory 
(SSDL) of the Atomic Energy Research Establishment (AERE), Bangladesh.  
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Monte Carlo (MC) modeling of out-of-field dose deposition was investigated by 
Clasie et al. [4], and agreement within 30% between simulations and measurements 
at distances of 10 - 20 cm from the field edge were reported. Neutron contributions 
to passive scattering dominated the total dose beyond the Bragg peak, accounting for 
65–80% of the dose at distances greater than 10 cm. 
Ruben et al. [5] showed that collimator and head scatter dominate out-of-field doses 
in IMRT, whereas patient scatter is the primary source in 3D-CRT.  
Mazonakis et al. [6] examined peripheral organ doses and secondary cancer risk in 
photon radiotherapy, highlighting the limitations of water tanks and slab phantoms 
for organ-specific dosimetry. Direct measurements using anthropomorphic phantoms 
and TLDs were found to be more reliable. 
Scarboro et al. [7] assessed the effect of stomach size and position relative to the field 
border using TLDs. Mean stomach doses ranged from 0.43 to 0.83 Gy for a delivered 
dose of   30 Gy, with no significant differences observed for symmetric expansion or 
lateral shifts up to 3 cm. 
Howell et al. [8] demonstrated that inaccuracies in low-dose regions of dose–volume 
histograms (DVHs) can significantly affect mean organ dose estimates when 
discrepancies exceed 5%. They recommended combining TPS-calculated DVHs with 
measured data using volume-weighted techniques. 
Osman Vefa Gul [9] investigated peripheral doses in electron beam radiotherapy and 
found that doses outside 6×6 cm² and 10×10 cm² applicator fields decreased 

 

approximately linearly up to about 3.5 cm from the applicator edge for electron 
energies of 6–18 MeV. Beyond this region, dose reduction depended on applicator 
type and measurement depth. 
Verdera et al. [10] reported that secondary neutron doses in boron neutron capture 
therapy (BNCT) can approach established equivalent dose limits under certain 
conditions and proposed reference limits of 5 mSv/Gy at 15 cm and 1 mSv/Gy(w) at 
50 cm from the field edge.  
Matuszak et al. [11] evaluated non-target and out-of-field doses in electron beam 
radiotherapy, emphasizing the need for comprehensive dosimetric assessment to 
reduce unintended exposure to healthy tissues.  
Aghdam et al. [12] measured out-of-field doses in intraoperative electron 
radiotherapy using TLDs, reporting absorbed doses of 0.033–0.545 mGy/MU. Dose 
levels depended on applicator size, energy, and distance, and agreement with ion 
chamber measurements was within 1.82%, validating TLD-100 for intraoperative 
electron radiotherapy (IOeRT) dosimetry.  
Attalla et al. [13] assessed commercial TPS accuracy using GATE/GEANT4 MC 
simulations and established that PROWESS© TPS underestimated out-of-field doses 
by 34–65%, with underestimation increasing with field size, depth, and distance from 
the field edge.  
Although out-of-field doses are substantially lower than in-field doses, they 
contribute to long-term radiation risks in non-target organs. Scatter and leakage 
radiation from linear accelerators can deliver measurable peripheral doses, 
highlighting the importance of accurate dosimetric assessment using 
anthropomorphic phantoms and advanced measurement techniques [14–16]. 
Although out-of-field doses have been extensively studied using various radiotherapy 
techniques, TPS, MC simulations, and experimental methods, uncertainties remain 
in estimating peripheral photon doses and related long-term stochastic risks. TPS 
often underestimate low-dose regions, and many experimental studies rely on 
simplified phantoms or specialized facilities. Data for 60Co photon beam 
radiotherapy, still widely used clinically, are limited. Therefore, this work aimed to 
investigate out-of-field doses and associated secondary cancer risks and other long-
term stochastic effects from high-energy photon beams generated by 60Co machines 
for providing clinically relevant measurements to improve dose assessment, patient 
safety, and risk-informed treatment planning. 
2. Experimental Details 
The experiment was carried out at the Secondary Standard Dosimetry Laboratory 
(SSDL) of the Atomic Energy Research Establishment (AERE), Bangladesh.  
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The major instruments used in this work included a 60Co teletherapy unit, TLD, TLD 
reader, Alderson Rando phantom, IAEA standard water phantom, gamma irradiator 
system, Farmer chamber (IBA FC65G), NE2575 cylindrical ion chamber, 
electrometer, barometer, and thermometer. Detailed specifications and 
characteristics are available in the following references: MTS-100 TLD [17], TLD 
reader [18], Alderson Rando phantom [19–21], NE2575 cylindrical ion chamber 
[21], IBA FC65G Farmer chamber [22], portable single-channel electrometer [23], 
standard thermometer and barometer (GTH 175/PT) [24, 25]. 

 
Figure 1: 60Co teletherapy unit at SSDL, AREA 

For radiotherapy, a pellet of radioactive 60Co isotope is generally used as the radiation 
source. Since 60Co does not exist in nature, it is produced by bombarding the stable 
isotope 59Co with neutrons in a nuclear reactor. In a 60Co teletherapy unit, the 
radiation source is usually at a distance of 80 or 100 cm from the isocenter, whereas 
in a linear accelerator (LINAC), the isocenter is about 100 cm from the focal spot 
[26]. The general form of 60Co teletherapy unit is shown in Figure 1.  
TLDs were calibrated using the IAEA formalism in tissue-equivalent water for high 
doses and the air-kerma technique for low doses [27-28]. Calibration on the skin 
surface of the Alderson Rando phantom was necessary to assess the risk of second 
cancers by determining the out-of-field organs skin dose or effective dose. Twenty 
TLDs were exposed to doses ranging from 1 to 20 mSv using a 137Cs source and read 
with a RE-2000 TLD Reader. Additionally, TLDs were calibrated in a water phantom 
with a 60Co teletherapy beam to measure organ doses at various depths in the 
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doses and the air-kerma technique for low doses [27-28]. Calibration on the skin 
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Alderson Rando phantom. Reference dosimetry was performed with an IBA FC65-
G Farmer chamber under standard conditions, and TLDs were covered with latex to 
ensure waterproofing. Calibration factors were calculated for each dose level.  
In this study, organ dose and skin dose were assessed for the corresponding peripheral 
organs of the Alderson Rando phantom when targeting the left and right lungs, as 
well as the stomach. The phantom was divided into 36 horizontal slices, each 2.5 cm 
thick, with holes filled by bone, soft tissue, or lung-equivalent materials that could 
hold TLDs. For lung irradiation, slice #16 (mid slice of lung) was selected as the 
target, while slices #20 and #21 were chosen for the stomach. TLDs were placed at 
various depths within the target organs to measure dose distribution, and TLDs on 
the skin of corresponding organs measured out-of-field skin doses. The phantom was 
irradiated with a 60Co teletherapy unit at 100 cGy and 200 cGy doses, using a 10×10 
cm² field size. 

Figure 2: Irradiation of the Alderson Rando phantom using a ⁶⁰Co teletherapy unit, 
placement of TLD chips on the surfaces of various organs of the phantom. 

Figure 2 shows the setup for measuring radiation doses outside the treatment field. 
The Alderson Rando phantom was positioned under the 60Co teletherapy unit, and 
TLD chips were placed on the surfaces of various organs. This arrangement simulates 
a patient during radiotherapy and allows accurate measurements of radiation received 
by organs that are not directly targeted, particularly those located far from the field 
edge.  
 
 

 

Figure 3: Inner view of lung targeted slice of Alderson Rando phantom with TLDs. 
TLDs were positioned on the lung region of the Alderson Rando phantom, as 
indicated in Figure 3, to simulate patient exposure and measure the absorbed dose 
during 60Co teletherapy. This configuration allowed precise assessment of radiation 
received by the lungs, which are partially outside the primary treatment field. For 
organs such as the stomach, kidneys, and spleen, TLDs were placed on the 
corresponding regions of the phantom, as indicated in Figure 4, to capture organ-
specific doses from scattered and leakage radiation.  

Figure 4: Inner view of stomach, kidney and spleen targeted slice of Alderson 
Rando phantom with TLDs. 

The measured doses for all organs were then used to estimate the lifetime risk of 
radiation-induced cancer using the online RadRAT tool (Version 4.2.1) [29], which 
provide uncertainty intervals to indicate the likely range of the true risk (e.g., an 
estimated risk of 2.5% with a 95% uncertainty in the interval of 1.8% to 3.4%). This 
setup enabled comprehensive evaluation of out-of-field doses and facilitated organ-
specific risk assessment under clinically relevant conditions. 
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3. Results and Discussion 
This study investigates dose distribution in various target organs to ensure accurate 
radiotherapy delivery and assesses out-of-field doses to non-target organs to estimate 
the risk of secondary cancers in patients undergoing radiation therapy. 

  
Figure 5: (a) Calibration curve of TLD-100 exposed in air using a ¹³⁷Cs source, 
and (b) in water using a 60Co teletherapy beam. 

  

Figure 6: Comparison of TLD-measured and calculated absorbed doses as a function 
of depth in the left lung for 60Co irradiation at (a) 100 cGy and (b) 200 cGy. 
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Figure 6: Comparison of TLD-measured and calculated absorbed doses as a function 
of depth in the left lung for 60Co irradiation at (a) 100 cGy and (b) 200 cGy. 

 

The TLD-100 calibration curve in air, shown in Figure 5(a), for doses ranging from 
1 to 20 mSv demonstrates near-perfect linearity with a relative standard uncertainty 
of 1.04%. Figure 5(b) shows the TLD dose-response in water for doses between 50 
and 200 cGy, with a relative standard uncertainty of 1.54%, well within the 
recommended 3%–5% range for clinical TLD systems [30]. These results are 
consistent with the multi-institutional study by Amols et al. [30], which reported 
comparable linearity and reproducibility in TLD measurements across different 
clinical settings, confirming the reliability of TLD-100 for both low- and high-dose 
measurements in radiotherapy dosimetry. 
The measured doses were compared with the computed central axis depth dose values 
for a 10×10 cm² field. A good agreement between experimental measurements and 
reference dosimetric calculations [31] was observed. This confirms the accuracy of 
TLD-based dosimetry for capturing in-field and out-of-field dose distributions, 
providing a reliable basis for organ-specific risk assessments. 
 

  

Figure 7: Comparison of TLD-measured and calculated absorbed doses as a function 
of depth in the right lung for 60Co irradiation at (a) 100 cGy and (b) 200 cGy. 

Figures 6–8 show the variations of absorbed dose with depth when the lungs and 
stomach are irradiated with doses of 100 cGy and 200 cGy. In all cases, the measured 
doses are lower than the calculated doses, which can be attributed to photon scattering 
in the water-equivalent tissues of the human body. Nevertheless, the ratio of 
measured to calculated doses remains close to unity, indicating reasonable agreement 
between experimental and calculated values as observed in other studies [32–35]. 
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Figures 6–8 show the variations of absorbed dose with depth when the lungs and 
stomach are irradiated with doses of 100 cGy and 200 cGy. In all cases, the measured 
doses are lower than the calculated doses, which can be attributed to photon scattering 
in the water-equivalent tissues of the human body. Nevertheless, the ratio of 
measured to calculated doses remains close to unity, indicating reasonable agreement 
between experimental and calculated values as observed in other studies [32–35]. 

 

The measured TLD dose, as a function of depth, decreases with increasing depth and 
is always lower than the calculated standard dose. The ratio of measured absorbed 
dose to the standard dose lies within the ranges (0.747–0.934) and (0.85–0.93) for 
the left and right lungs respectively. Since the measured dose is lower than the 
calculated dose, the depth-dose correction factor for 60Co teletherapy beams is 
0.877±0.0543 for the left lung and 0.916±0.0364 for the right lung. This results in a 
mean correction factor of 0.897 ± 0.0275 for lung treatments using ⁶⁰Co teletherapy.  

  
Figure 8: Comparison of TLD-measured and calculated absorbed doses as a 

function of depth in the stomach for 60Co irradiation at (a) 100 cGy and (b) 200 cGy. 
Figure 8 presents the TLD readings obtained when positioned in other slices of the 
Alderson Rando phantom, including adjacent organs such as the kidney and spleen, 
to study the stomach dose distribution. The absorbed doses in the stomach, kidney, 
and spleen decreased with increasing depth. The ratio of measured absorbed dose to 
the standard dose ranged from 0.67 to 0.88, and the corresponding depth-dose 
correction factors were 0.775 ± 0.023 for the stomach, 0.765 ± 0.027 for the kidney, 
and 0.723 ± 0.118 for the spleen. 
The underestimation of absorbed dose varies with depth, as indicated by the depth-
dependent dose distributions in Figures 6–8. This variation is partly attributed to 
differences in TLD sensitivity, since individual TLDs may respond differently to 
photon irradiation, leading to inhomogeneities in the measured dose patterns across 
depths. The results presented in Figures 6, 7 and 8 further show that lung tissue 
absorbs more radiation than the stomach. This behavior is mainly due to the lower 
density of lung tissue (≈0.3 g/cm³) arising from its air-filled structure, which alters 
photon scattering and attenuation compared with denser abdominal tissues. 

 

Table 1: Skin doses received by out-of-field organs with the left lung as the target 
organ. 

Slice No. 
of phantom 

Organs Skin dose, E (cGy) 

For 100 cGy 
irradiation 

For 200 cGy 
irradiation 

4 Left Eye 2.1000 ± 0.0004 2.3000 ± 0.0005 
4 Right eye 1.7100 ± 0.0003 2.0400 ± 0.0004 
10,11 Thyroid 14.1600 ± 0.0028 20.6200 ± 0.0041 
16 Right Lung 44.5200 ± 0.0088 62.0300 ± 0.0123 
20 Stomach 65.6200 ± 0.0130 96.6000 ± 0.0191 
20 Liver 15.4800 ± 0.0010 20.5300 ± 0.0041 
20,21 Spleen, Left 

Kidney 
5.4200 ± 0.0005 7.9500 ± 0.0016 

22,23 Pancreas 2.4700 ± 0.0005 3.2800 ± 0.0006 
28 Colon 24.6300 ± 0.005 33.1200 ± 0.0065 
32 Urinary Bladder 6.9400 ± 0.0014 6.7800 ± 0.0013 

 
Table 2: Excess future risk of second cancer from scattered out-of-field doses for the 
left lung as the target organ, by cancer site (per 100,000), with a 90% uncertainty 
range. 

Cancer 
site 

Age of 
patient 

For 100 cGy irradiation For 200 cGy irradiation 
30 
years 

50 years 70 years 30 years 50 
years 

70 
years 

Stomach 3.360 2.940 1.380 5.530 4.350 2.040 
Colon 3.430 2.940 1.310 4.610 3.950 1.760 
Liver 0.602 0.496 0.242 0.798 0.658 0.321 
Pancreas 0.058 0.049 0.020 0.078 0.066 0.027 
Lung 5.350 4.960 2.630 7.460 6.910 3.670 
Bladder 0.694 0.643 0.329 0.678 0.628 0.321 
Kidney 0.175 0.134 0.043 0.257 0.196 0.063 
Thyroid 0.223 0.030 0.002 0.325 0.043 0.003 
Others (Eye) 0.396 0.282 0.107 0.452 0.321 0.122 
Total future risk 14.600 12.500 6.060 20.000 17.100 8.330 

 

Determination of out-of-field doses and related risks from the photon beam radiotherapy 94



 

The measured TLD dose, as a function of depth, decreases with increasing depth and 
is always lower than the calculated standard dose. The ratio of measured absorbed 
dose to the standard dose lies within the ranges (0.747–0.934) and (0.85–0.93) for 
the left and right lungs respectively. Since the measured dose is lower than the 
calculated dose, the depth-dose correction factor for 60Co teletherapy beams is 
0.877±0.0543 for the left lung and 0.916±0.0364 for the right lung. This results in a 
mean correction factor of 0.897 ± 0.0275 for lung treatments using ⁶⁰Co teletherapy.  

  
Figure 8: Comparison of TLD-measured and calculated absorbed doses as a 

function of depth in the stomach for 60Co irradiation at (a) 100 cGy and (b) 200 cGy. 
Figure 8 presents the TLD readings obtained when positioned in other slices of the 
Alderson Rando phantom, including adjacent organs such as the kidney and spleen, 
to study the stomach dose distribution. The absorbed doses in the stomach, kidney, 
and spleen decreased with increasing depth. The ratio of measured absorbed dose to 
the standard dose ranged from 0.67 to 0.88, and the corresponding depth-dose 
correction factors were 0.775 ± 0.023 for the stomach, 0.765 ± 0.027 for the kidney, 
and 0.723 ± 0.118 for the spleen. 
The underestimation of absorbed dose varies with depth, as indicated by the depth-
dependent dose distributions in Figures 6–8. This variation is partly attributed to 
differences in TLD sensitivity, since individual TLDs may respond differently to 
photon irradiation, leading to inhomogeneities in the measured dose patterns across 
depths. The results presented in Figures 6, 7 and 8 further show that lung tissue 
absorbs more radiation than the stomach. This behavior is mainly due to the lower 
density of lung tissue (≈0.3 g/cm³) arising from its air-filled structure, which alters 
photon scattering and attenuation compared with denser abdominal tissues. 

 

Table 1: Skin doses received by out-of-field organs with the left lung as the target 
organ. 

Slice No. 
of phantom 

Organs Skin dose, E (cGy) 

For 100 cGy 
irradiation 

For 200 cGy 
irradiation 

4 Left Eye 2.1000 ± 0.0004 2.3000 ± 0.0005 
4 Right eye 1.7100 ± 0.0003 2.0400 ± 0.0004 
10,11 Thyroid 14.1600 ± 0.0028 20.6200 ± 0.0041 
16 Right Lung 44.5200 ± 0.0088 62.0300 ± 0.0123 
20 Stomach 65.6200 ± 0.0130 96.6000 ± 0.0191 
20 Liver 15.4800 ± 0.0010 20.5300 ± 0.0041 
20,21 Spleen, Left 

Kidney 
5.4200 ± 0.0005 7.9500 ± 0.0016 

22,23 Pancreas 2.4700 ± 0.0005 3.2800 ± 0.0006 
28 Colon 24.6300 ± 0.005 33.1200 ± 0.0065 
32 Urinary Bladder 6.9400 ± 0.0014 6.7800 ± 0.0013 

 
Table 2: Excess future risk of second cancer from scattered out-of-field doses for the 
left lung as the target organ, by cancer site (per 100,000), with a 90% uncertainty 
range. 

Cancer 
site 

Age of 
patient 

For 100 cGy irradiation For 200 cGy irradiation 
30 
years 

50 years 70 years 30 years 50 
years 

70 
years 

Stomach 3.360 2.940 1.380 5.530 4.350 2.040 
Colon 3.430 2.940 1.310 4.610 3.950 1.760 
Liver 0.602 0.496 0.242 0.798 0.658 0.321 
Pancreas 0.058 0.049 0.020 0.078 0.066 0.027 
Lung 5.350 4.960 2.630 7.460 6.910 3.670 
Bladder 0.694 0.643 0.329 0.678 0.628 0.321 
Kidney 0.175 0.134 0.043 0.257 0.196 0.063 
Thyroid 0.223 0.030 0.002 0.325 0.043 0.003 
Others (Eye) 0.396 0.282 0.107 0.452 0.321 0.122 
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Table 3: Skin doses received by out-of-field organs with the right lung as the target 
organ. 

Slice No. 
of 

phantom 

Organs Skin dose, E (cGy) 
100 cGy  200 cGy  

4 Left Eye 1.4800 ± 0.0030 1.5300 ± 0.0003 
4 Right eye 1.1400 ± 0.0002 1.9600 ± 0.0004 
10,11 Thyroid 10.8700 ± 0.0021 18.9600 ± 0.0037 
16 Left Lung 31.6000 ± 0.0062 48.9400 ± 0.0097 
20 Stomach 34.5000 ± 0.0068 59.2100 ± 0.0117 
20 Liver 19.2800 ± 0.0038 34.6400 ± 0.0068 
20,21 Spleen, Left Kidney 2.3700 ± 0.0003 3.2500 ± 0.00064 
22,23 Pancreas 2.7500 ± 0.0005 4.5800 ± 0.00091 
28 Colon 17.5900 ± 0.0035 25.4600 ± 0.0050 
32 Urinary Bladder 4.2700 ± 0.00084 5.1300 ± 0.0010 

 
Table 4: Excess future risk of second cancer due to scattered out-of-field doses for 
the right lung as the target organ, by cancer site (chances per 100,000), with a 90% 
uncertainty range. 

Cancer 
site 

Age of 
patient 

For 100 cGy irradiation For 200 cGy irradiation 
30 
years 

50 
years 

70 years 30 years 50 
years 

70 
years 

Stomach 1.900 1.540 0.725 3.270 2.650 1.250 
Colon 2.450 2.100 0.934 3.540 3.040 1.350 
Liver 0.749 0.617 0.301 1.350 1.110 0.541 
Pancreas 0.065 0.055 0.023 0.108 0.092 0.038 
Lung 3.790 3.520 1.860 5.880 5.450 2.890 
Bladder 0.427 0.396 0.202 0.513 0.475 0.243 
Kidney 0.077 0.059 0.019 0.105 0.080 0.026 
Thyroid 0.171 0.023 0.001 0.299 0.034 0.002 
Others (Eye) 0.278 0.198 0.075 0.356 0.253 0.096 
Total future risk 9.910 8.500 4.150 15.400 13.200    6.430 

 
Tables 1–4 present skin doses and estimated second cancer risks for out-of-field 
organs during lung irradiation at 100 cGy and 200 cGy with a ⁶⁰Co beam. Organs 
near the lungs such as the liver, colon, stomach, and thyroid, receive higher doses 
and show greater lifetime cancer risk, particularly, in younger patients and at higher 
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Table 3: Skin doses received by out-of-field organs with the right lung as the target 
organ. 

Slice No. 
of 

phantom 

Organs Skin dose, E (cGy) 
100 cGy  200 cGy  

4 Left Eye 1.4800 ± 0.0030 1.5300 ± 0.0003 
4 Right eye 1.1400 ± 0.0002 1.9600 ± 0.0004 
10,11 Thyroid 10.8700 ± 0.0021 18.9600 ± 0.0037 
16 Left Lung 31.6000 ± 0.0062 48.9400 ± 0.0097 
20 Stomach 34.5000 ± 0.0068 59.2100 ± 0.0117 
20 Liver 19.2800 ± 0.0038 34.6400 ± 0.0068 
20,21 Spleen, Left Kidney 2.3700 ± 0.0003 3.2500 ± 0.00064 
22,23 Pancreas 2.7500 ± 0.0005 4.5800 ± 0.00091 
28 Colon 17.5900 ± 0.0035 25.4600 ± 0.0050 
32 Urinary Bladder 4.2700 ± 0.00084 5.1300 ± 0.0010 

 
Table 4: Excess future risk of second cancer due to scattered out-of-field doses for 
the right lung as the target organ, by cancer site (chances per 100,000), with a 90% 
uncertainty range. 

Cancer 
site 

Age of 
patient 

For 100 cGy irradiation For 200 cGy irradiation 
30 
years 

50 
years 

70 years 30 years 50 
years 

70 
years 

Stomach 1.900 1.540 0.725 3.270 2.650 1.250 
Colon 2.450 2.100 0.934 3.540 3.040 1.350 
Liver 0.749 0.617 0.301 1.350 1.110 0.541 
Pancreas 0.065 0.055 0.023 0.108 0.092 0.038 
Lung 3.790 3.520 1.860 5.880 5.450 2.890 
Bladder 0.427 0.396 0.202 0.513 0.475 0.243 
Kidney 0.077 0.059 0.019 0.105 0.080 0.026 
Thyroid 0.171 0.023 0.001 0.299 0.034 0.002 
Others (Eye) 0.278 0.198 0.075 0.356 0.253 0.096 
Total future risk 9.910 8.500 4.150 15.400 13.200    6.430 

 
Tables 1–4 present skin doses and estimated second cancer risks for out-of-field 
organs during lung irradiation at 100 cGy and 200 cGy with a ⁶⁰Co beam. Organs 
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and show greater lifetime cancer risk, particularly, in younger patients and at higher 

Determination of out-of-field doses and related risks from the photon beam radiotherapy 96



 

Table 3: Skin doses received by out-of-field organs with the right lung as the target 
organ. 

Slice No. 
of 

phantom 

Organs Skin dose, E (cGy) 
100 cGy  200 cGy  

4 Left Eye 1.4800 ± 0.0030 1.5300 ± 0.0003 
4 Right eye 1.1400 ± 0.0002 1.9600 ± 0.0004 
10,11 Thyroid 10.8700 ± 0.0021 18.9600 ± 0.0037 
16 Left Lung 31.6000 ± 0.0062 48.9400 ± 0.0097 
20 Stomach 34.5000 ± 0.0068 59.2100 ± 0.0117 
20 Liver 19.2800 ± 0.0038 34.6400 ± 0.0068 
20,21 Spleen, Left Kidney 2.3700 ± 0.0003 3.2500 ± 0.00064 
22,23 Pancreas 2.7500 ± 0.0005 4.5800 ± 0.00091 
28 Colon 17.5900 ± 0.0035 25.4600 ± 0.0050 
32 Urinary Bladder 4.2700 ± 0.00084 5.1300 ± 0.0010 

 
Table 4: Excess future risk of second cancer due to scattered out-of-field doses for 
the right lung as the target organ, by cancer site (chances per 100,000), with a 90% 
uncertainty range. 

Cancer 
site 

Age of 
patient 

For 100 cGy irradiation For 200 cGy irradiation 
30 
years 

50 
years 

70 years 30 years 50 
years 

70 
years 

Stomach 1.900 1.540 0.725 3.270 2.650 1.250 
Colon 2.450 2.100 0.934 3.540 3.040 1.350 
Liver 0.749 0.617 0.301 1.350 1.110 0.541 
Pancreas 0.065 0.055 0.023 0.108 0.092 0.038 
Lung 3.790 3.520 1.860 5.880 5.450 2.890 
Bladder 0.427 0.396 0.202 0.513 0.475 0.243 
Kidney 0.077 0.059 0.019 0.105 0.080 0.026 
Thyroid 0.171 0.023 0.001 0.299 0.034 0.002 
Others (Eye) 0.278 0.198 0.075 0.356 0.253 0.096 
Total future risk 9.910 8.500 4.150 15.400 13.200    6.430 

 
Tables 1–4 present skin doses and estimated second cancer risks for out-of-field 
organs during lung irradiation at 100 cGy and 200 cGy with a ⁶⁰Co beam. Organs 
near the lungs such as the liver, colon, stomach, and thyroid, receive higher doses 
and show greater lifetime cancer risk, particularly, in younger patients and at higher 

 

dose levels, consistent with previous studies [35–38]. Stochastic effects also increase 
with dose as observed in Tables 2 and 4.  
 

Table 5: Skin doses received by out-of-field organs with the stomach as the target 
organ. 

 
Table 6: Excess future risk of second cancer due to scattered out-of-field doses for 
the stomach as the target organ, by cancer site (chances per 100,000), with a 90% 
uncertainty range. 

Cancer 
site 

Age of 
patient 

For 100 cGy irradiation For 200 cGy irradiation 
30 
years 

50 
years 

70 years 30 years 50 
years 

70 
years 

Colon 4.370 3.740 1.670 7.170 6.150 2.740 
Liver 1.330 1.100 0.536 3.770 3.110 1.520 
Lung 4.330 4.110 2.180 7.060 6.540 3.470 
Bladder 0.493 0.457 0.234 0.732 0.678 0.347 
Kidney 0.285 0.217 0.070 0.458 0.350 0.112 
Thyroid 0.094 0.013 0.0008 0.153 0.022 0.001 
Others (Eye) 0.158 0.113 0.043 0.201 0.143 0.054 
Total future risk 11.200 9.750 4.730 19.500 17.000 8.230 

 

Slice No. of 
phantom 

Organs Skin dose, E (cGy) 
100 cGy  200 cGy 

4 Left Eye 0.8000 ± 0.0002 0.9200 ± 0.0018 
4 Right Eye 0.7200 ± 0.00014 1.0100 ± 0.0002 
10,11 Thyroid 5.9500 ± 0.0012 9.7200 ± 0.0019 
16 Right lung 33.1500 ± 0.0066 53.1300 ± 0.0105 
16 Left lung 40.6900 ± 0.008 64.2900 ± 0.0127 
20 Liver 34.2900 ± 0.0068 96.3500 ± 0.019 
23 Right kidney 6.4000 ± 0.0013 13.5700 ± 0.0027 
23 Left kidney 11.2300 ± 0.0022 14.7700 ± 0.0029 
28 Colon 31.3800 ± 0.0062 51.4600 ± 0.0102 
32 Urinary 

Bladder 
4.9300 ± 0. 0097 7.3200 ± 0.0014 

 

Tables 5–6 show similar results for stomach irradiation, where nearby organs, 
including the lung, liver, kidney, and colon, receive higher doses and face a greater 
risk of late effects, while more distant organs, such as the eye and thyroid, are less 
affected. The lifetime risk of second cancer remains strongly dependent on patient 
age and the prescribed dose. 
The results of this study show that out-of-field organ doses measured using TLDs are 
consistently lower than the calculated values, primarily due to photon scattering and 
tissue heterogeneity. The depth-dependent dose variations and the organ-specific 
correction factors obtained for the lungs, stomach, kidney, and spleen highlight the 
need for appropriate adjustments when estimating peripheral doses in 60Co 
teletherapy. The estimation of excess future risks of second cancer based on measured 
out-of-field doses confirms that higher absorbed doses generally correspond to higher 
risk levels. Overall, these findings provide a more reliable basis for assessing out-of-
field radiation exposure and support improved radiotherapy dose evaluation and 
treatment planning. 
4. Conclusion 
This study confirms that precise dosimetric measurements are essential for safe and 
effective external beam radiotherapy. Calculations based on experimental data 
substantiate the cumulative biological impact of small out-of-field doses in patients 
receiving photon beam radiotherapy. Estimated values of age-dependent excess 
future risk of second cancer consistently show that doses far from the field edge for 
different target organs, though small compared to target doses, could lead to a 
measurable increase in secondary malignancies, especially in younger patients. 
Moreover, it is observed that the depth-dose correction factors are vital for more 
effective treatment. The findings of the present work provide experimental validation 
for achieving precise out-of-field dose predictions using Monte Carlo simulations 
and advanced TPS correction algorithms to minimize out-of-field exposure and 
ensure the safety and well-being of patients undergoing radiation therapy. 
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