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Abstract 
 
Introduction 
Accurate estimation of the absorbed dose in radiosensitive organs, located away from the target volume 

during radiotherapy, is one of the main reasons for the development of reference phantoms. The International 

Commission on Radiological Protection (ICRP) reference phantoms can provide a more realistic view of the 

human anatomy in comparison with the previously used mathematical phantoms. However, the ICRP 

reference phantoms seem to have certain limitations, resulting in the inaccurate eye simulation due to the 

absence of super-high-resolution CT scan images. 

Materials and Methods 

In this study, we developed a modified version of the ICRP reference phantom by inserting a realistic eye 

phantom into the voxelized phantom. In addition, by using the developed model, the absorbed dose received 

by sensitive organs (e.g., thyroid, brain, and different parts of the eye) during radiotherapy of a common 

ocular surface tumor was determined. The results were compared with those obtained by the modified 

phantom developed by the University of Florida-Oak Ridge National Laboratory (UF-ORNL). 

Results 
Based on the results, the relative difference between the equivalent doses calculated by the developed 

phantom and UF-ORNL phantom was nearly 75-95% and 3% for thyroid and eye substructures, respectively. 

Conclusion 

Despite of many advantageous of voxel phantoms, they have considerable limitation in providing accurate 

model of the eye. In the present study, a detailed stylized model was developed and incorporated into the 

Adult Male (AM) reference and UF-ORNL phantoms. These phantoms were then used for the dosimetric 

calculations during eyelid cancer therapy. 
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1. Introduction 
Computerized treatment planning systems 

(TPSs) are CT-based tools, widely used in 

radiotherapy centers. However, these systems 

lack sufficient accuracy for detailed modeling 

of the elemental composition and density of 

different tissues. In these cases, calculations 

performed by TPSs do not provide an accurate 

estimation of the absorbed dose of 

radiosensitive organs, located outside the 

target volume; consequently, they should be 

corrected using Monte Carlo calculations [1]. 

Over the past decade, computational models of 

the human anatomy have been widely used in 

dosimetric calculations [2-5]. The advent of 

tomographic imaging techniques has 

facilitated the construction of digital three-

dimensional models, based on the real 

anatomy of the human body [6, 7]. Compared 

with mathematical phantoms, voxelized 

phantoms, which are developed based on CT 

and MRI images, provide a much more 

realistic view of the human anatomy [8, 9].  

In radiotherapy, partial-body patient phantoms 

are mostly constructed using a series of CT or 

MRI images obtained from the target region of 

the patient. However, in practice, development 

of a whole-body patient-specific phantom 

(WBPP) is quite challenging and time-

consuming. Therefore, when the immediate 

estimation of the absorbed dose is required for 

radiosensitive organs away from the target 

volume, the standard reference phantoms are 

profitable [9-11].  

The International Commission on Radiological 

Protection (ICRP) has developed reference 

computational phantoms of adult males and 

females, which are consistent with the external 

dimensions, organ masses, and tissue data of 

standard man and woman [12]. This set of 

adult phantoms can be used for the accurate 

estimation of the received dose by organs 

away from the target volume [9, 13-15].  

It is obvious that the data obtained by WBPP 

is more accurate. However, since the 

construction of WBPP is a time-consuming 

procedure requiring whole-body CT data of 

the patient, a standard reference phantom as an 

auxiliary tool can be significant and profitable.  

It is worth mentioning that the anatomical 

realism of voxelized phantoms makes them 

preferable as the standard model in 

comparison with mathematical models. 

However, voxelized phantoms have limitations 

in the accurate segmentation of different parts 

of the human eye with different levels of 

sensitivity to radiation [12, 16].  

Considering the radiosensitivity of some parts 

of the human eye, details of the human eye 

anatomy should be considered in the 

anatomical simulation. Previously, Nogueira et 

al. and Behrens et al. reported the details of the 

human eye anatomy, using surface equations 

[17, 18]. In this study, the adult male ICRP 

reference phantom was developed by inserting 

a mathematical realistic phantom of the eye. In 

addition, by using the developed model, the 

absorbed dose of sensitive organs, such as 

thyroid, brain, and different parts of the eye, 

was determined during radiotherapy of a 

common ocular surface tumor. 

 

2. Materials and Methods 
This study was done by the support provided 

by the Vice-chancellor for Research and 

Education at the Nuclear Simulation 

Laboratory of University of Neyshabur, Iran. 

The required information about the anatomical 

structure of the human eye was extracted from 

previous studies performed by Behrens et al. 

and Nogueira et al. [17, 18]. Different 

substructures of the realistic eye model used in 

this study are illustrated in Figure 1. 

 

 
 

Figure 1. Different substructures of the eye 

In addition, Figure 2a shows the equations 

which describe the geometrical shape of 

different structures of the modified left eye.  
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Figure 2. (a) Modified eye model being compatible with AM phantom. The equations given describe the various 

structures of the left eye. (b) Close view of the human eye lens. 

 

A close view of the lens substructures and the 

related equations is also presented in Figure 2b 

(all dimensions are in centimeter). In addition, 

Figure 3 presents a three-dimensional view of 

the modified eye model before insertion into 

the Adult Male (AM) phantom; different parts 

of the eye are also shown in this figure.  

To illustrate the necessity of using the 

developed voxelized phantom, the realistic eye 

phantom was also incorporated into the UF-

ORNL mathematical phantom. Both models 

were used to estimate the dose delivered to 

different parts of the eye and other sensitive 

organs in the head and neck regions during eye 

cancer radiotherapy [19]. 

A mid-size tumor (3 mm in diameter) was 

simulated on the lid of the left eye. Then, the 

received doses by the brain, thyroid, and 

different parts of the eye were calculated when 

the tumor was exposed to a 5×5 cm
2
 field of 

photon and electron irradiation. The developed 

phantoms were implemented in MCNPX 2.6.0 

code [20]. In total, eight different photon and 

electron energies were investigated, and the 

doses received by different parts of the eye 

were estimated. Moreover, the delivered doses 

to the brain and thyroid of the modified UF-

ORNL and reference phantoms were 

compared as the lid tumor was irradiated.  
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Figure 3. 3D view of the eye model simulated in this 

work 

 

To simulate the photon sources, the output 

spectra of Clinac-4 (4 MV), Clinac-6 (6 MV), 

Clinac-18 (10 MV), and Clinac-20 (15 MV) 

were simulated, using the data reported by 

Mohan and colleagues [21]. Also, to simulate 

the electron sources, the energy spectra of 7, 8, 

9, and 10 MeV output electrons from LIAC 

and NOVAC linear accelerators were 

simulated [22].  

For such evaluations, secondary particles were 

tracked and the organ absorbed doses were 

computed, using a collision heating tally 

(+F6). To calculate the equivalent dose, the 

radiation weighting factor (wR) was used to 

convert the physical dose (Gy) to photon and 

electron equivalent doses (Sv) [23].  

 

 

 

 

 
Figure 4. The ratio of the brain and thyroid equivalent 

doses of the UF-ORNL phantoms to that of the AM 

phantoms during exposing the tumor to (a) electron and 

(b) photon beams 

 

3. Results  
Table 1 shows the arithmetic mean of equivalent 

doses received by the eye substructures in the 

two investigated phantoms. The data was 

normalized by the minimum equivalent dose to 

tumor at 50 Sv, which is the treatment dose 

commonly used for ocular tumors [24]. Figure 4 

presents the comparison between the dose 

received by the brain and thyroid, using the 

modified UF-ORNL and reference phantoms. 

The estimated thyroid dose in the modified 

reference phantom was lower than the estimated 

dose received by thyroid in the modified UF-

ORNL phantom. The relative differences were 

up to 75% and 95% for the electron and photon 

exposures, respectively. In addition, the relative 

difference in the brain dose was nearly30% for 

the electron exposure and about 10% for the 

photon exposure.  



Developing an Eye-Modified Reference Phantom 

Iran J Med Phys., Vol. 13, No. 3, September 2016 215 

Table 1. Equivalent dose for various substructures of the eye in Sv. 

Energy  

Photon Beams 

Lens 
Cornea 

Anterior 

Chamber 

Vitreous 

Humor 
Sclera Retina Choroid 

Sens. Re. Insens. Re. Total 

4 MV 15.81 19.11 19.05 22.49 16.03 42.06 47.78 44.8 45.05 

6 MV 19.89 23.36 23.29 20.34 18.92 50.06 56.01 55.27 55.37 

10 MV 22.16 26.3 26.21 24.29 20.36 56.56 62.92 66.24 67.07 

15 MV 24.38 29.12 29.02 26.20 22.58 59.51 65.92 71.08 71.68 

                   Electron Beams 

7 MeV 3.33 4.92 4.90 12.36 6.42 18.78 23.31 19.96 19.76 

8 MeV 3.02 4.48 4.46 12.43 6.35 18.28 22.99 19.75 19.69 

9 MeV 2.93 4.31 4.28 12.13 6.03 18.46 23.30 20.32 20.19 

10 MeV 2.03 3.41 3.39 11.87 5.42 17.82 22.98 20.05 20.02 

 
Table 2 Statistical indices of distributions of the relative differences between the considered organ and tumor 

Kurtosis Skewness Standard Deviation Mean Organ Phantom 

-0.729 -0.106 3.43 10.79 Brain 
UF-ORNL 

-0.916 -0.031 1.24 14.74 Thyroid 

-0.725 -0.261 3.39 11.19 Brain 
AM 

-1.910 -0.406 1.00 20.67 Thyroid 

 

 
Figure 5. The relative distances of brain from the target 

region (RDB) and the relative distances of thyroid from the 

target volume (RDT) in two phantoms 

 

In order to investigate the differences between 

the doses received by critical organs in UF-

ORNL and AM phantoms, the relative distances 

between these organs and the target region were 

calculated. Figure 5a indicates the distribution of 

the relative distance between two points, 

randomly sampled in the tumor and thyroid, 

respectively. 

The distribution was evaluated for one million 

random points. A similar distribution was 

provided for the brain, as demonstrated in Figure 

5b. Since the points were sampled normally, the 

relative distance between the points was 

expected to have a normal distribution. The 

normality of these distributions was analyzed by 

calculating the kurtosis and skewness of these 

distributions, using SPSS version 20 (IBM SPSS 

Inc., Chicago, IL, USA). 

Table 2 indicates the statistical indices of the 

distributions presented in Figure 5. It can be 

observed that skewness and kurtosis were very 

close to zero; therefore, the statistical analysis 

confirmed the normality of these distributions. 

 

4. Discussion 
The arithmetic means of the received dose by 

eye substructures in UF-ORNL and AM 

phantoms are presented in Table 1. As 

demonstrated in this table, the vitreous humor, 
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sclera, choroid, and retina received greater 

doses in comparison with other parts of the eye 

due to their relative positions with respect to 

the irradiation field.  

Figure 4 compares the dose received by the 

brain and thyroid in the two investigated 

phantoms. Accordingly, the brain in UF-

ORNL phantom received a lower dose than the 

AM phantom. The difference varied from 

about 10% for photon exposures to 30% for 

electron beams.  

However, the thyroid dose of UF-ORNL 

phantom was considerably higher than that of 

the AM phantom (> 70%). These variations 

can be explained by the differences between 

the relative distance of the brain and thyroid 

from the target region in two phantoms. As 

shown in this figure, thyroid and brain in the 

UF-ORNL phantom were closer to the tumor 

which is why the brain and thyroid doses in 

this phantom were greater than the reference 

phantom. Since thyroid was farther away from 

the target volume than the brain, the difference 

in thyroid dose was much higher than that of 

the brain.  

Combination of the voxelized reference and 

UF-ORNL phantoms with the realistic model 

of the eye facilitates the simultaneous 

estimation of doses delivered to different parts 

of the eye and other sensitive organs in the 

head and neck regions. However, due to 

differences in the organ shape and position, the 

results of two phantoms were not similar.  

The phantoms could provide an approximate 

estimation of the upper and lower limits of the 

dose delivered to the organs which are far 

from the target volume and cannot be 

simulated in the partial-body specific phantom. 

Since the ICRP reference phantom is 

preferable to UF-ORNL phantom for cases 

which require more anatomical details, use of 

data obtained from the AM phantom is 

suggested. 

 

5. Conclusion 
In this study, a realistic mathematical model of 

the eye was incorporated into the AM and UF-

ORNL phantoms to investigate the possibility 

of determining ocular damages and 

simultaneously estimate the delivered dose to 

critical organs in the head and neck regions. 

The results of the photon and electron 

therapies of a typical lid cancer were studied 

by using the modified UF-ORNL and 

reference phantoms. Despite the similar dose 

data obtained by these two phantoms for eye 

substructures, there were considerable 

differences between the thyroid and brain 

doses for the two phantom sets. Therefore, to 

estimate the dose delivered to the organs, 

which are not accurately represented in the 

mathematical phantom, use of an ICRP 

phantom can be profitable. In addition, for 

organs simulated in both phantoms, an 

approximate estimation of the upper and lower 

limits of the dose was presented. 
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