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Introduction 

     In 2014, it was estimated that the five year survival rate for children ages 0-14 

was 81.3% for boys and 82.0% for girls diagnosed with cancer between 2003 and 

2009 (Siegel and Jemal 2014).  However, many of these childhood cancer survivors 

face debilitating or life threatening late effects from the radiation therapy used to 

treat the primary cancer (Armstrong et al 2010).  Children are at an increased risk 

for radiation-induced late effects due their radiosensitive organs, smaller bodies 

which cause organs to be closer to the field of treatment, and longer life 

expectancies allowing for more time for the development of adverse late effects. 

The purpose of this study was to provide a simple dose reconstruction method for 

epidemiological studies whose goal is to determine dose-response relationships.  

Prediction of late effects is important for improving patient care by providing a 

means to compare different treatment modalities, and motivate the reduction of the 

radiation field. 

     In the reconstruction of dose, this study addresses two main challenges.  The 

first challenge is the estimation of dose beyond the extent of the computed 

tomography (CT) simulation.  The second challenge is the estimation of the out-of-

field dose (region beyond the 50% isodose line) where the treatment planning 

system (TPS) is known to underestimate the dose by 40% on average (Howell et al 

2010).  As a proof of concept, this study estimates absorbed dose in organs and 

tissues at risk for radiation-induced subsequent malignant neoplasms (SMNs) for 

nine pediatric patients ages 2-14 with localized brain tumors (LBTs) treated with 

photon three-dimensional conformal radiation therapy at the American University of 

Beirut Medical Center. 

Figure 2:  In the model (red line) for absorbed dose, D, versus distance from the 

field edge, r, a double-Gaussian equation was fitted with parameters α1 = 771.6, µ1 

= -3.8, σ1 = 3.0, α2 = 46.3,  µ2 = -10.0, and σ2 = 22.0 achieving a root mean square 

deviation of 0.75 cGy/Gy between the model and the TLD data (blue circles).  The 

TPS was used to calculate dose at distances 0 ≤ r ≤ 3 cm.   The double-Gaussian 

fit was applied at distances 3 < r ≤ 50 cm.  Because the double-Gaussian fit 

systematically underestimated the dose for distances r ≥ 50 cm, an average TLD 

value of 0.0221 cGy/Gy was applied in that region. 

Figure 3:  Screenshot from the commercial software showing the rigid fusion and 

the model-based substitution of out-of-field dose to estimate mean organ doses, for 

example the thyroid of the 8 year-old boy (contoured in red).  The isodose lines 

displayed are 100% (yellow), 95% (red), 50% (black), 10% (purple), 1% (green), 

0.5% (blue), and 0.1% (bright green). 

Table 1:  The mean absorbed doses (Gy) in organs and tissues at risk for SMNs 

are displayed for the female LBT patients (blue), male LBT patients (green), and 

average across all 9 LBT patients (purple).  The average LBT values were 

compared to values similarly averaged over 9 pediatric CSI patients (orange) in a 

previous study (Taddei et al 2013b).  The doses were normalized to prescriptions 

of 54 Gy and 23.4 Gy for the LBT and CSI treatments, respectively.  In the labeling 

of the patient’s age and gender, 12yom is to be read as 12 year-old male and 12yof 

is to be read as 12 year-old female. 

     The largest patient (12 year-old boy) in the cohort was used to develop the 

measurement-based analytical model to estimate the out-of-field dose.  The 

treatment plan for the 12 year-old boy with anaplastic ependymoma (6 MV, 7 

fields, three-dimensional conformal radiation therapy, 50.4 Gy prescribed to 95% 

of PTV) was applied to the anthropomorphic phantom (ATOM® Adult Male 701, 

Computerized Imaging Reference Systems, Inc., Norfolk Virginia) which was 

loaded with 215 thermoluminescent dosimeters (TLDs) (TLD-100 powder filled 

capsules, Quantaflux Radiological Services, San Jose, California).  Two 

measurements were conducted to ensure the absorbed dose was within the 

range of the TLDs for accurate measurements (Figure 1).   

     The analytical model used to estimate out-of-field dose is depicted in Figure 2, 

where a double-Gaussian function of absorbed dose versus distance from the 

field edge was fit to the in-anthropomorphic-phantom TLD measurements.  The 6 

parameters of the double-Gaussian were allowed to vary to minimize the root 

mean square deviation between the equation result and the measured data.  This 

method for the analytical model was described previously in detail (Taddei et al 

2013a).  Out-of-field dose was calculated using an in-house code and processed 

using commercial software (MATLAB R2013b, The MathWorks, Inc., Natick, 

Massachusetts).  In-field and near-field dose was calculated using the TPS 

(Panther version 5.01, Prowess Inc., Concord, California).  
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     In clinical practice for photon radiotherapy of LBTs, the CT simulation only 

encompasses the cranium of the patient. In order to estimate the absorbed dose in 

organs and tissues at risk for SMNs beyond the extent of the CT simulation this 

study supplemented the missing body anatomies with those of replacement 

computational phantoms, which consisted of RT Image and RT Structure Sets from 

a previous study examining pediatric craniospinal irradiation (CSI) whose CT 

simulation captured the necessary anatomical extents.  Each patient was matched 

by sex and height, and rigidly fused with a commercial software (MIM, MIM 

Software, Inc., Cleveland, Ohio), and the out-of-field dose was recalculated using 

our analytic model.  Finally, the mean absorbed dose for organs and tissues at risk 

for SMNs were exported (Table 1).   

    In general, the mean organ doses for LBT treatments were less than those of the 

CSI study.  Nevertheless, we found the LBT patients’ doses in organs at risk for 

SMNs to be non-negligible with, on average, more than 1 Gy of mean absorbed 

dose in the non-tumor remainders, red bone marrow, thyroids, and skin of the 

patients and more than 200 mGy in their breasts and lungs.  In addition, the 

younger, smaller patients compared to the older, larger patients had increased mean 

organ doses by up to a factor of three.  This result is due to the smaller patients’ 

organs being inherently closer to the field of treatment.  It is important to note that 

the parameters fitted to the analytical model in this study apply only to similar clinical 

treatment fields and machines.  For dissimilar radiotherapy treatment plans or 

environments, the fitting parameters should be recalculated. 

     In this study, we demonstrated the feasibility of a simple method of applying 

replacement computational phantoms to estimate absorbed dose throughout 

patients’ anatomies that are missing in their CT simulations. In these survivors of 

childhood brain cancer, we found that the mean doses were high in the non-tumor 

remainders, red bone marrow, thyroids, and skin and non-negligible in other organs 

at risk for SMNs. 
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Figure 1:  Photograph of the in-anthropomorphic phantom measurement setup 
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