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Introduction: In radiotherapy treatment of head and neck (H&N) cancers, more complex quality assurance 
checks and patient-specific dosimetry are required to ensure accuracy in modern technology. In this paper, a 
new cost-effective human tissue equivalent H&N phantom was designed to serve as an economical and 
adaptable tool for assessment and assurance of precise radiotherapy dose delivery.  
Material and Methods: The phantom was designed using locally available paraffin wax and tissue-
equivalent materials. Computed tomography (CT) images of the phantom were acquired using a conventional 
CT simulator and were registered with the images of a real patient having approximately similar physical 
dimensions. The geometric and attenuation properties of the structures in the phantom were studied and 
compared to the structures of the real patient.   
Results: Hounsfield unit (HU) values of different structures of the phantom were compared to the values 
obtained from the CT images of a real patient and were found to be in good agreement. HU values obtained 
for the right, and left eye, brain, larynx, and bone shell were 7(±10) HU, 6(±9), 30(±14) HU, -984(±6) HU 
and 873(±214) HU in phantom. Structures simulated in phantom agreed well on comparison regarding both 
their design and radiation properties with respect to real patient human tissues. Gamma analysis was 
performed for the axial dose plane at plan isocenter for both the calculated dose distribution in H&N 
phantom and the patient agrees for 98.79% passing rate for 3% /3mm criteria. 
Conclusion: The designed phantom depicts human anatomy and meets the requirements of tissue 
equivalence. The result shows that phantom has proved to be a cost-effective and valuable tool for accurate 
verification of dose distributions in regions of clinical and dosimetric interests. 
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Introduction 
Phantoms are one of the important tools to 

perform radiotherapy dosimetry and quality 
assurance (QA) procedure in a radiation department 
to ensure accuracy in dose delivery. For modern 
radiotherapy techniques, pretreatment dose 
verification is an important step. Different types of 
pretreatment patient-specific dosimetric QA 
techniques are available to ensure precise dose 
delivery. Usually, verification of this delivered dose is 
performed by replacing the patient with tissue 
equivalent material called phantom [1-3].  

Water is the main component of the human body 
and is recommended as the reference medium for the 
measurement of absorbed doses in radiation therapy. 
Due to practical and technical issues related to the use 
of water, which is considered to be a standard 
phantom material according to the International 
Atomic Energy Agency (IAEA) [4-6], other solid 
materials like Polymethyl methacrylate (PMMA) or 
polystyrene materials are opted for to build the 

homogeneous phantom and to mimic the dose 
distribution similar to the human body [3, 7]. But such 
materials are locally not available. These 
homogeneous phantoms are totally in standard 
geometric shape and do not reflect the different 
densities of structures as found in real patients [7-12]. 
Hence, the resulting dose distributions obtained from 
these homogeneous phantoms are totally different in 
their patterns as compared to the real patients. This 
dosimetry error contributes to the inaccurate and 
nonrealistic depiction of the clinical effects of 
delivered doses.  

Some head and neck (H&N) phantoms e.g. Rando 
phantom and RPC (Radiological Physics Center)  
phantom which represent similar geometric 
structures as compared to real patients are 
commercially available but they are costly and 
unaffordable for most radiotherapy centers. In most of 
these phantom measurements, positions are fixed and 
involve the limitation of using various detectors to 
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verify doses at different positions [13]. These 
anthropomorphic phantoms allow the use of detectors 
like films and Metal oxide semiconductor field effect 
transistors (MOSFETs) for surface measurements. In 
Rando phantom, slots for insertion of 
thermoluminescent dosimeters (TLDs) in the form of 
a 3D array and provision for the insertion of film 
dosimeter are present to perform dosimetric 
verification in axial planes at specific distances 
[7,9,14-15]. These phantoms do not provide the 
provision for the insertion of other detectors like 
ionization chambers. 

Different methods have been used in the past by 
researchers in developing anthropomorphic 
phantoms using various tissue-mimicking materials. 
Kim et al [16] constructed a 3D-printed spine QA 
phantom consisting of a high-density acrylic body 
phantom and a 3D-printed spine-shaped object. The 
doses computed on the patient-specific 
anthropomorphic phantom that was created were 
compared to the doses calculated on the original 
patient. Markis et al [17] designed a head phantom 
having external contour and bone structures of high-
density bone-mimicking material. The resultant head 
phantom was filled with water, and computational 
and experimental evaluations were done to determine 
the degree of patient-to-phantom dosimetric 
equivalency. Zhang et al [18] fabricated a chest 
phantom via the 3D printing technique and filled the 
phantom with materials to simulate soft tissue and fat. 
Acrylonitrile butadiene styrene (ABS) was used in 
printing the fat and chest wall shell and the radiation 
equivalent material of ribs, sternum angle, and 
scapula were made with modified resin polymer 
material. To as closely mimic the actual patient and 
treatment geometry as possible, Oinam et al [19] 
created a homogeneous H&N phantom (Figure 1) 
using paraffin wax with no heterogeneities involved. 
Comparison was performed between the computed 
buildup doses from the Treatment planning system 
(TPS) and the corresponding measured doses in the 
phantom using thermoluminescent dosimeters (TLD 
100). TLD-100 is a type of thermoluminescent 
dosimetry material made of Lithium Fluoride.  Eng et 
al [20] performed the IMRT planned dose verification 
using a customized acrylic H&N phantom. The acrylic 
slabs were cut using electronic hand cutter and 
polished to make shape smooth. Gareth et al [21] 
developed a semi-anatomic Perspex phantom with 
provisions for the insertion of heterogeneities 
simulating air cavities in a range of fixed positions. 
The phantom was used for the verification of IMRT 
plans for the H&N. Akpochafor et al [22] designed in-
house phantom, constructed in the shape of a block 
using Plexiglas and filled with water having the 
provision for hollow inserts for the ionization 
chamber and tissue equivalent materials.  

Previously reported methods were either 
complicated as well as hard to be practically adopted 

for clinical practice due to the involvement of 
advanced technologies used in manufacturing of 
anthropomorphic phantoms or the resulting 
phantoms were simple with no anatomical depiction 
of real patient. Also, it is difficult to reproduce and 
verify extreme clinical conditions such as presence of 
implants and prosthesis as found in some specific 
cases of patients. Presence of these metallic implants 
and prosthesis in treatment region complicates the 
dose calculation process in TPS, which can result into 
serious dosimetric errors. Hence, in order to stimulate 
individualized realistic clinical and measurement 
conditions, patient specific dosimetric phantoms are 
needed to ensure the accuracy of treatment.  

The purpose of our study is to fabricate a cost-
effective tissue equivalent H&N phantom that will 
achieve the goal of representing human anatomy 
along with the practicality of the use of different types 
of dosimeters. It can also be designed to adapt quickly 
to various clinical situations like the presence of metal 
artifacts caused by dental implants, prostheses, and 
non-uniformity of skin caused due to surgery, etc. 

 

Materials and Methods 
For the construction of the phantom, material was 

chosen to meet the tissue equivalence requirements i.e. 
physical properties like density, electron density relative 
to water, linear attenuation coefficient relative to water 
and Computed Tomography (CT) density equivalent to 
human tissue as well as fast manufacturing process. It is 
evident from various studies that paraffin wax serves as 
an alternative of solid water phantom because of its 
similar dose absorption properties due to similar 
chemical composition, mass density and number of 
electrons to water [23-26]. The density and electron 
density (ED) of paraffin wax is 0.9g/cm3 [27] and 
3.44x1023e/g respectively. 

Different types of waxes were bought from area 
local market and were tested for comparing their HU 
(Hounsfield units) values and physical density. For this 
test CT images of waxes were acquired using a 
Biograph mCT Flow systems scanner (Siemens 
Healthcare, Germany). Hounsfield Unit (HU) values 
were further evaluated from various slices of the 
scanned images obtained at the CT scanner console. 

For bone structure, bone shell with the help of 3D 
printer were constructed and filled with bone equivalent 
material. A conventional airy sponge was used to 
simulate the air-filled anatomical structures like trachea 
and paranasal sinus. Eyes were simulated by using 
conventional gel because the HU number of actual eye 
and the gel used was approximately same. The molten 
paraffin wax was then poured into and was allowed to 
solidify subsequently. The inhouse designed H&N 
phantom weight was approximately equivalent to human 
head with height of 19.7cm, length of 23.6cm and width 
of 14.5cm as the physical dimensions of the fabricated 
phantom. 

After completion of the manufacturing process, 
phantom was assembled for further validation by 
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acquiring CT images data set with 1mm slice thickness 
at 120Kilovoltage (KV). The phantom was scanned 
along with immobilization aids like H&N base plate and 
head rest. The acquired CT images of H&N phantom 
were registered for image fusion using Monaco 
treatment planning system (TPS) version 5.11 (Elekta, 
Impac Medical System, Inc., USA) with one of the real 
patient CT images   having similar physical features. 
Contours were drawn for normal structures like body 
contour, spine, eyes, brain, teeth larynx, mandible etc. 

 To evaluate the geometric accuracy of the inhouse 
designed H&N phantom, volume and mean ED of each 
contoured structures were compared. An arbitrary tumor 
volume was contoured on registered images of the H&N 
phantom and patient. For dosimetric evaluation, 3-
Dimensional conformal radiotherapy (3DCRT) plan for 
treatment delivery was planned for both the real patient 
CT images and H&N phantom CT images data sets 
using Monaco TPS for 6 Megavoltage (MV) photon 
beam with the same beam arrangements and planning 
parameters. Dose calculation was performed for a 
prescribed dose of 40Gy in 20 fractions by using 
collapsed cone algorithm. Dosimetric characteristics 
were compared by evaluating doses to different 
structures from a Dose-volume histogram (DVH). Also, 
two-dimensional dose difference maps were compared 
and evaluated using the gamma analysis method for the 
transverse dose plane at the planning isocenter.  
 

Results 
Table 1 summarizes the comparison of HU values 

evaluated from CT images of different waxes from 

different slices. The mean HU value was approximately -

50HU for Wax4 (paraffin wax) which was appropriate for 

reproduction of soft tissue.  Rahman et al [25] have studied 

and compared the dosimetric property of paraffin wax with 

those of solid phantom and PMMA phantom and found 

paraffin wax to be as good alternative of solid water 

phantom because of their proximity to the dose absorption 

property of water. They found the deviation to be within 

±3% for 6MV in dose absorption comparison to that of 

water. 
 

Table 1. Overview of HU values of different waxes 
 

Material ED value(e/cm3) Range of HU values 

Wax1(bee wax) 0.98 to 1.02 -20 to 60  

Wax2 (yellow wax) 1.017 to 0.952 -30 to -112 

Wax3(Refined wax) 0.994 to 1.043 -60 to 3 

Wax4(paraffin wax) 1.005 to 0.992 -46 to -62 

Wax5(Candle wax) 1.024 to 0.959 -21 to -100 

 

 
 

Figure 1. Inhouse designed H&N phantom 

 

After completion of the manufacturing process of H&N 

phantom (Figure 1) acquired CT images of the phantom 

were transferred to Monaco TPS for further validation. 

Figure 2 shows the example of CT images of constructed 

H&N phantom. HU values and ED values of structures 

contoured were evaluated using the image analysis tool in 

Monaco TPS. Mean HU and mean ED values along with 

standard deviation for various contoured structures like 

larynx, eye, spine, teeth, and bone were obtained and are 

presented in Table 2. The obtained HU values of the 

phantom were compared to the values obtained from the 

CT images of the real patient and were found to be in good 

agreement with respective real human tissues. Comparison 

of the volume of contoured structures such as eye, brain, 

external body, and larynx are presented in Table 3.  Eyes 

simulated in phantom have larger volume in comparison to 

that of patient. 

 
 

Figure 2. (a) Sagittal, (b) transverse and (c) coronal sections of the CT images of the constructed H&N phantom 
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Table 2. Comparison of Mean HU and mean ED values of various structures 
 

Structures 
Patient Phantom 

Mean HU(±SD) mean ED(±SD) Mean HU(±SD) mean ED(±SD) 

Right eye 7(±10) 1.047(±0.008) 5(±7) 1.045(±0.005) 

Left eye 6(±9) 1.046(±0.007) 4(±9) 1.046(±0.007) 

Brain 30(±14) 1.061(±0.008) -43(±8) 1.007(±0.006) 

Teeth 1339(±150) 1.815(±0.094) 850(±22) 1.508(±0.013) 

Larynx -984(±6) 0.017(±0.006) -858(±7) 0.195(±0.007) 

Bone shell 873(±214) 1.527(±0.013) 1161(±125) 1.7031(±0.077) 

Spine 26(±40) 1.056(±0.02) -23(±18) 1.007(±0.014) 

 

Table 3. Volumes in cc of various contoured structures. 
 

Structure 
Volume in cc 

Patient Phantom 

External body 4665.392 4950.059 

Rt eye 9.114 15.44 

Lt eye 7.534 13.89 

Brain 1374.6 1157.77 

Spine 11.747 10.23 

Mandible 56.456 71.976 

Larynx 30.374 37.969 

 

 
Figure 3. Dose distribution at plan isocenter in transverse plane for (a) H&N phantom and (b) patient 

 

Table 4. Comparison of doses evaluated for different structures 

 

Structure 
 

Patient (Dose in cGy) Phantom (Dose in cGy) 

External body Max dose 4498 4526.6 

Right eye Max dose 899.6 957.7 

Left eye Max dose 49.3 95.4 

Brain Mean dose 1551.7 1779.1 

Tumor 
D95 (dose to 95% Volume) 3672 3668 

D99 ( dose to 99% Volume) 3474.7 3474.87 

 

Dosimetric comparison of 3DCRT plans calculated for 

both H&N phantom and patient showed similar dose 

distribution. Figure 3 shows the dose distribution at 

isocenter in transverse plane for H&N phantom and patient 

respectively. 236 Monitor units (MU) and 246 MU were 

obtained per fraction for the calculated plans for phantom 

and patient respectively. Table 4 shows the doses evaluated 

for the different structures from DVH and it is evident that 

doses obtained from H&N phantom are slightly higher.   

Gamma analysis is typical used to judge the agreement 

between two dose distributions usually obtained from the 

treatment plan and QA dose measurements [28]. Here in 

this paper, we have used gamma analysis method using 

OmniPro IMRT software version 1.7.00114 (IBA 

Dosimetry, Germany) to compare the two calculated dose 



      Mamta Mahur, et al.                                                                                                                                      Inhouse designed H&N phantom for QA in RT 
    

Iran J Med Phys, Vol. 20, No. 5, September 2023                                                                                286 

planes obtained from 3DCRT radiotherapy plans calculated 

on phantom and patient CT images. Figure 4 shows the 

Gamma analysis performed for transverse dose plane at 

planning isocenter for both the calculated dose distribution 

in H&N phantom and patient agrees for 98.79% passing 

rate for 3% /3mm criteria. 
 

 
 

Figure 4. Result of gamma evaluation of dose distribution of 3DCRT plan 

in H&N phantom and patient 

 
 

Discussion 
Surgical resection of primary tumor followed by 

chemotherapy and radiotherapy are the main treatment 
regime for H&N cancer patients with locally advanced 
tumors. Significant toxicities and functional restrictions 
are the common outcome of this multimodality 
treatment [29-33]. These toxicities significantly affect 
the patient’s quality life and lead to other related 
complications. To reduce radiation induced toxicities 
modern techniques like Intensity-modulated radiation 
therapy (IMRT) and Volumetric modulated arc therapy 
(VMAT) are used [34-35]. But the verification of 
planned doses for accuracy becomes a challenging task 
for individual clinical conditions like presence of dental 
and metal artifacts. The verification of delivered 
radiotherapy dose can be performed more appropriately 
in a phantom. 

Therefore, a new cost-effective 3D phantom was 
especially designed for the verification of planned 
treatment doses in radiotherapy of H&N cancers. The 
phantom can be used to perform dosimetry using films, 
ion chamber, TLDs, optically stimulated luminescent 
dosimeters (OSLDs) and mosfet dosimeters. The 
inhouse designed phantom met the predefined 
requirements of human tissue equivalence. The CT 
number values for contoured structures and their 
respective volumes were closer to the values of a real 
patient. 

On comparison of dose fluence from the transverse 
plane at the isocenter slice, the two plans based on the 
real patient and H&N phantom, showed similar dose 
distribution. Figure 5 shows the comparison of isodose 

distributions in H&N phantom and patient in transverse 
slice at isocenter plane as obtained from OmniPro IMRT 
software. High dose region and low dose region for 
calculated dose distribution in phantom and patient are 
similar as evident from the overlapping isodose lines. 
Large dose difference was observed in high dose region 
near border of external body contour and target. Most of 
the center region of tumor showed good agreement with 
a dose difference within 3% as evaluated from Gamma 
analysis. Dose statistics and DVH of calculated plans 
were quite similar for the contoured structures except in 
the case of eyes as there is disparity in volumes of eyes 
simulated. Nevertheless, the dosimetric characteristics 
of the phantom were well matched with those of the 
patient with a dose difference within ±5%.  The result 
obtained shows that the deviation between the monitor 
units of the plan calculated on H&N phantom and the 
patient were found to be 4.06%. Also, Dose indices 
values of 95% and 99% volume in case of tumor were 
well matched.  

Rahman et al [26], have reported deviations in 
measured absorbed dose values from (-2.7)% to 1% and 
(-0.1)% to 2.4 % for the 6MV and 15MV photon beam 
respectively, for solid paraffin wax cube phantom when 
compared to water phantom and verified that paraffin 
wax phantom represents an acceptable and practical 
alternative to solid water phantom. Amour et al [36] 
studied the Percentage depth dose (PDD) values for 
water and beeswax phantoms and found to be in 
agreement with that of British journal of radiology 
(BJR) data. It was found that the use of depth dose and 
isodose curve of beeswax phantom in dose planning can 
be a good tissue equivalent substitute. A study by 
Kamomae et al [37] compared the phantom shape, CT 
value, and absorbed doses between the actual and in 
house designed 3D-printed phantoms by using 
Radiophotoluminescence (RPL) glass dosimeters and 
stated that fabrication quality can be improved by 
optimizing the printing parameters and employing high-
performance devices and software.  Their results 
demonstrated the feasibility of the 3D-printed phantom 
for artificial in vivo dosimetry in radiotherapy quality 
assurance. Dongruyl et al [38] developed a patient-
specific dosimetric phantom using three-dimensional 
printing (PSDP_3DP) and analyzed its geometrical and 
dosimetric accuracy. Three different types of material 
densities like UV- curable acrylic plastic (UVAP), 
plastic powder, and titanium were used to create the 
external body, spine and the internal body was filled 
with agar liquid only. The registered CT of the 
PSDP_3DP was found to be well matched with that of 
the real patient CT in the axial, coronal, and sagittal 
planes. The dosimetric characteristics of the PSDP_3DP 
were compared with the patient plan by applying the 
same beam parameters as for the patient and were found 
to be comparable to those of a real patient.  
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Figure 5. Comparison of isodose distributions in H&N phantom and patient 3DCRT plan (Solid lines: Patient; dotted lines: H&N Phantom) 

 
A study by Na et al [39] investigated radiotherapic 

valuation of Paraffin Wax as an ideal material for oral 
cavity as a compensator in radiotherapy for patients with 
oral cancer. Radiation dose attenuation ratios were 
reported to be 0.21 to 0.39% for Paraffin Wax.   

However, no study has been conducted so far to 
evaluate the dosimetry aspect of paraffin wax H&N 
phantom with heterogeneous structures representing 
human anatomy using Monaco TPS.  

As accurate dosimetric quality assurance procedure 
requires a patient specific dosimetry phantom that 
generates the same dose distribution as of in real patient. 
High end casting and computerized milling machines 
are typically used to manufacture such standard 
dosimetry phantoms. We have designed this cost-
effective phantom with limited resources. Replicating 
geometric features of human tissues such as internal 
structures of an organ is challenging using the molding 
technique. During fabrication of H&N phantom minor 
problems were faced regarding filling of the phantom 
due to the presence of small spaces caused by air 
bubbles after setting of the wax. It is recommended to 
keep the phantom in uniform temperature conditions as 
the structure of the phantom may suffer from deformity 
in case of high-temperature fluctuations. For future 
work, it can be proposed to explore the dosimetry 
aspects with high energy photon beams and verification 
of new modern technology delivery techniques using the 
designed H&N phantom. 

 

Conclusion 
In this study, a physical H&N phantom was designed 

which has human equivalent anatomical shape, size, 
weight and other physical aspects. HU values from the 
CT images of the phantom were similar to that of human 
body. This new cost-effective tissue equivalent 

fabricated phantom can serve as a useful tool in 
validation and assessment of precise delivery of 
radiation dose in H&N cancer patients for specific 
clinical situations. 
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