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Summary 

The bolus is the build-up human tissue-equivalent material placed directly on the patient's surface. 

Build-up bolus creates a dose build-up during irradiation using a high-energy (MeV) photons beam. 

The main problem using bolus is formed air gaps, between the bolus and a patient's surface, which 

affects an isodose distribution on the skin/ surface. To avoid air gaps three-dimensional printing 

technique could be used creating bolus individually for each patient, recreating it from the real 

patient’s computed tomography (CT) images.  

In this research project two different thickness (0.5 cm and 1.0 cm) individualized 3D printed 

polylactic acid (PLA) boluses were used for the head and neck (eyes and nose region) cancer 

irradiation imitation. For this reason was created patient-specific phantom based on the patient‘s CT 

scans and the head CT polymethyl methacrylate (PMMA) phantom. Patient-specific phantom CT 

scans were used for two different thickness (0.5 cm and 1.0 cm) individualized 3D printed boluses 

fabrication.  

Evaluation of the formed air gaps was done using the 3D treatment planning system “Eclipse“, which 

showed that the air gaps formed under 0.5 cm and 1.0 cm individualized 3D printed bolus was almost 

symmetrical. For 0.5 cm thickness bolus the air gaps varied from 0.4 mm to 2.1 mm, while for 1.0 

cm thickness bolus it varied from 0.6 mm to 2.2 mm (the cheeks area), meanwhile on the nose region 

for 0.5 cm thickness bolus varied from 0.7 mm to 1.3 mm, for 1.0 cm thickness – 1.4 mm maximum 

air gap was observed.  

A single field plans isodose distribution and surface volume coverage were analyzed without bolus 

and with 0.5 cm thickness and 1.0 cm thickness boluses. The results were compared to the 2 Gy 

prescribed dose, which showed that 95 %, 98 % and 99 % of surface volume coverage for a single 

field plan with 0.5 cm thickness bolus were 0.5 %, 2.0 % and 3.0 % respectively, while for 1.0 cm 

thickness – 0.0 % (for 95 %), 0.5 % (for 98 %) and 1.5 % (for 99 %). The most significant difference 

was observed for the single field plan without bolus, which showed more than 40.0 % for the 95 % 

surface volume coverage, 50.0 % (for 98 %), and 52.0 % (for 99 %).  

The research work showed that individualized 3D printed bolus could be reliable and may improve 

the shallow tumor irradiation treatment outcome. 
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Santrauka 

Bolusas yra kaip papildoma žmogaus audiniui lygiavertė medžiaga dedama tiesiogiai ant paciento. 

Bolusas sukuria dozės „kaupimo“ sritį apšvitos metu naudojant didelės energijos (MeV) fotonų 

pluoštą. Pagrindinė problema naudojant bolusą yra susidarantys oro tarpai tarp boluso ir paciento 

paviršiaus, kurie turi įtakos izodozių pasiskirstymui ant odos/ paviršiaus. Norint išvengti oro tarpų 

trimatė spausdinimo technologija gali būti naudojama sukuriant bolusą individualiai kiekvienam 

pacientui, atkuriant bolusą iš paciento kompiuterinės tomografijos (KT) vaizdų. 

Šiame projektiniame baigiamajame darbe buvo atspausdinti du skirtingo storio (0,5 cm ir 1,0 cm) 

individualizuoti 3D polilaktinės rūgšties (PR) bolusai galvos ir kaklo (akių ir nosies sritis) vėžio 

apšvitos procedūrai imituoti/ simuliuoti. Dėl šios priežasties buvo sukurtas pacientą atkartojantis 

(imituojantis) fantomas panaudojant paciento KT skenus ir galvos KT polimetil meta akrilato 

(PMMA) fantomą. KT nuskenuotas pacientą atkartojantis (imituojantis) fantomas buvo panaudotas 

atkuriant du skirtingo storio (0,5 cm ir 1,0 cm) individualizuotus 3D spausdintuvu atspausdintus 

bolusus. 

Susidariusių oro tarpų tyrimas buvo atliktas naudojantis 3D gydymo planavimo sistema „Eclipse“. 

Oro tarpai po 0,5 cm ir 1,0 cm individualizuoto 3D spausdintuvu atspausdinto boluso susiformavo 

simetriškai. Oro tarpai susiformavę skruostų srityje po 0,5 cm storio bolusu kito nuo 0,4 mm to 2,1 

mm, o po 1,0 cm storio bolusu kito nuo 0,6 mm to 2,2 mm, kai tuo tarpu nosies srityje po 0,5 cm 

storio bolusu oro tarpai kito nuo 0,7 mm iki 1,3 mm; po 1 cm storio bolusu buvo suformuotas tik 1,4 

mm maksimalus oro tarpas. 

Izodozių pasiskirstymas bei paviršiaus tūrio apšvita buvo analizuojama vieno apšvitos lauko 

sukurtuose planuose be boluso ir su 0,5 cm bei 1,0 cm storio bolusais. Gauti rezultatai buvo palyginti 

su 2 Gy paskirtąja doze. Gauta, kad 95 %, 98 % ir 99 % tūrio paviršius su 0,5 cm storio bolusu skyrėsi 

0,5 %, 2,0 % ir 3,0 % atitinkamai, kai tuo tarpu 1,0 cm storio – 0,0 % (95 %), 0,5 % (98 %) ir 1,5 % 

(99 %). Didžiausias skirtumas buvo stebimas vieno apšvitos lauko plane be boluso, kuris buvo 

didesnis negu 40,0 % (95 % tūrio paviršiui), 50,0 % (98 %), ir 52,0 % (99 %).  

Taigi 3D spausdintuvu atspausdintas bolusas yra patikimas ir gali pagerinti paviršiuje esančių galvos 

ir kaklo navikų spindulinio gydymo kokybę. 
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Introduction 

Irradiation of uneven and complex shape geometry of the human body results in inhomogeneity of 

the dose distribution on the surface. High energy (MeV) photons beam irradiation results in a skin-

sparing effect that reduces treatment outcomes during the irradiation of shallow tumors. One of 

the solutions to use so-called additional body – bolus. Bolus (build-up material) is a human tissue 

equivalent additional body layer placed on the patient's surface, which results in an increased dose 

to the surface and minimized the ability for the disease recurrence. One of the challenges using 

boluses is air gaps formed between bolus and patient surface, which create inhomogeneity of dose 

distribution and slightly minimized dose on the surface. The larger the air gap, the less the absorbed 

dose on the patient surface is, for example, 4 mm air gap means approximately 4 % dose reduction, 

while 10 mm – ~10 %, using standard silicone bolus [1, 2]. Therefore, the importance of irradiating 

uneven or/ and concaved surface and shallow tumors, especially for head and neck cancer 

irradiation, is to avoid or minimize formed air gaps, so ensuring the better treatment outcome. Due 

to this reason today as an alternative could be used modern and new 3D printing technique, for 

individualized tissues equivalent patient-specific phantoms (anthropomorphic) and boluses 

printing, which start to be more often used in a clinical environment. Individualized 3D printed 

boluses showed really promising results for avoidance and minimization of the formed air gaps 

(up to 1-2 mm) [1, 2] in between in comparison with a standard silicone bolus (larger than 4 mm) 

[1]. So the main problem, relevance, and novelty of this research project are to ensure better 

treatment outcomes using and implementing individualized 3D printed PLA bolus in clinical 

practice, ensuring better disease control irradiating head and neck shallow tumors. 

This research work aims to determine and evaluate the suitability of individualized 3D printed 

polylactic acid (PLA) bolus imitating shallow head and neck cancer irradiation procedure.  

The tasks: 

1. To reconstruct and print different thickness (0.5 cm and 1.0 cm) individualized 3D printed 

PLA boluses, for a patient-specific phantom used imitating shallow head and neck cancer 

irradiation procedure; 

2. To analyze the size of the air gaps formed between different thickness (0.5 cm and 1.0 cm) 

individualized 3D printed PLA boluses and patient-specific phantom; 

3. To analyze 3D treatment single field plans without bolus and with individualized 3D 

printed PLA bolus. 

3D printing of boluses and the patient’s specific phantom (it was printed by Ph.D. student Antonio 

Jreije (KTU)) were performed in Kaunas University of Technology, while dosimetric evaluation 

of the results was done in Oncology Hospital of the Hospital of Lithuanian University of Health 

Sciences Kaunas Clinics. 
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1 Literature Review 

1.1 The main aspects of the shallow head and neck tumours irradiation using high energy 

photons 

Head and neck (H&N) cancer are one of the most common cancer localization with its complex 

geometry/ anatomy. The main purpose of radiation therapy is to irradiate tumor and save critical 

organs as much as possible, but due to H&N anatomy issues sometimes it is hard to avoid 

unnecessary dose to the healthy tissues or organs at risk (OARs), such as: spinal cord, salivary and 

parotid glands, thyroid, esophagus which are in the close vicinity of the irradiated tumor, etc. 

(figure 1) [3-4].  

 

Fig. 1. Intensity Modulated Radiation Therapy (IMRT) plan for oropharyngeal lesions with 5mm 

isotropic margins tumor volume and OARs in close vicinity. The critical organ in this case in spinal cord 

(marked as red (a, b)), while the isocenter is oropharingeal lesions (marked as blue filled with orange 

(Figure 1 b)). IMRT with VMAT (Volumetric Arc Radiation Therapy) is applied in order to protect 

critical organs, but it could be clearly seen that OARs: trachea (Figure 1 b square), lower jawable 

mandible and its lymph nodes still recieve percent of prescribed dose [5] 

Therefore, due to H&N tumors, which usually are located close to the critical organs, high 

accuracy is needed for the prescribed dose delivery to the target. So the main task is to find out 

the most appropriate irradiation technique/ method for the H&N cancer patients’ treatment, 

ensuring the delivery of the maximum prescribed dose, at the same time trying to save healthy 

tissues and critical organs. There are used two different irradiation treatment planning techniques, 

using a high energy photon (> 4 MeV), like inverse treatment planning (Intensity-modulated 

radiotherapy (IMRT), volumetric-modulated arc therapy (VMAT)) and forward treatment 

planning (3D conformal radiotherapy (3D-CRT)) (figure 2). It is known, that inverse treatment 

planning is defined as a method of treatment planning, which starts from the desired distribution 

of the dose or clinical objectives, and just after that there are determined parameters of the 
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treatment, which allows achieving it. While, the conventional forward treatment planning 

technique starts from treatment parameters, which first are chosen, and just afterward the dose 

distribution is calculated and evaluated [6]. 

 

Fig. 2. A - Example of the dose distribution using 3D-CRT, IMRT and VMAT treatment planning 

techniques for the same brain cancer patient [5], B – Illustration of the dose distribution of 3D-CRT, 

IMRT, VMAT treatment plan, while the treatment region is eye [7] 

Such kinds of technological innovations, like inverse treatment planning fully have changed the 

way of H&N cancer treatment, especially comparing the doses of OARs with 3D CRT (Table 1) 

[8]. The results show, that the critical organ doses are significantly higher for brain and esophagus 

and may increases the probability of such side effects, like brain radionecrosis, esophagitis 

(inflammation of the esophagus.) or swallowing disorder (dysphagia) for the patient, using 3D 

CRT technique for H&N cancer patients [5, 8].  

Table 1. Doses to organs at risk (OAR) for VMAT, IMRT and 3D-CRT, for H&N cancer (dose 

per whole treatment is 66 Gy) [8] 

OAR 

VMAT IMRT 3DCRT 

Mean 

dose 

(Gy) 

Maximum dose 

(Gy) 

Mean dose 

(Gy) 

Maximum dose 

(Gy) 

Mean dose 

(Gy) 

Maximum dose 

(Gy) 

Esophagus 14 23 17 29 37 40 

Brain 21 40 21 42 31 56 

 

A 

B 
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H&N cancer patient's irradiation today is usually performed using the VMAT technique, even 

coverage of tumor and sparing of OARs using IMRT and VMAT techniques are similar (figure 2). 

The main argument for this is that VMAT is faster, due to this reason it results in a lower 

probability of the patient movements during the irradiation procedure, so ensuring accuracy and 

outcome of the treatment procedure. Accuracy of irradiation procedure is a very important aspect 

irradiating H&N tumors, due to a sharp dose falloff outside the volume of the tumor, why the 

protection of the OARs, which are in so close vicinity of the tumor is so important and plays the 

main role [9]. Accuracy of the treatment procedure is closely related to the quality assurance (QA), 

which is the main prevention of mistakes or quality control (QC), which let us detect possible 

problems [5]. For example, it is required that the delivery accuracy of the absorbed dose to the 

target has to be ±5% or in critical situations ±2% [10].  

1.2 Dosimetry in external beam radiotherapy 

Dosimetry is one of the most important tools in radiotherapy that determines the safe and accurate 

dose delivery. There are several methods of dose-measuring, correctly reflecting the accuracy of 

the dose delivery, using complex irradiation treatment techniques: 3D, 2D, and 1D.  

3D dosimetry. Model-based algorithms. 3D dose distribution is a fast and accurate calculation 

within the patient in innovative radiation oncology. Calculations allow creating a reliable link 

between chosen treatment parameters and clinical outcome: geometry of irradiation fields, the 

prescribed dose for the tumor, etc. The treatment planning process has two main requirements: 1) 

it has to be fast (to fit in a time acceptable clinically) and 2) the results of the calculations have to 

be accurate and reliable. It is the main challenge between speed and accuracy of calculation 

developing dose calculation algorithms, especially for heterogeneous tissues (air cavities for 

paranasal sinuses, solid tumor for lung tissues. Model-based algorithms are implemented into 

commercially available and clinically used treatment planning systems (TPS). The pencil-beam 

algorithm is still the simplest and fastest dose calculation [11] more widespread, accurate, and 

sophisticated are superposition algorithms [12], which partly describe physical processes related 

to microscopic absorption of the energy delivered by irradiation. Almost all known physical 

aspects related to the microscopic radiation and tissue interactions are simulated using the Monte 

Carlo algorithm. Basic requirements for TPS [13-14]: 

• Ability to simulate/ model the patient's body assessing tumor, internal organs, which are 

directly related to the irradiated area; 

• Possibility to simulate/ model the geometry and doses of irradiation fields; 

• Ability to observe the anatomical images, and the irradiation fields used for planning and the 

dose distribution in the irradiated volume (3D TPS).  
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Possibility to assess side effects (evaluation of dose-volume histograms – DVH). For example, if 

the total dose to the chiasma is 65 Gy per whol0e treatment, the percentage risk of blindness is 50 

%, while 50 Gy/treatment, the risk is 5% [15].  

3D gel dosimetry. Special attention today also is paid to an accurate dose verification technique, 

like monomer/ polymer gel dosimetry. This method is also known as 3D dosimetry and today it is 

known as the only “tool” used for the direct measurements of 3D dose distribution in irradiated 

volume (figure 3) [16].  

 

Fig. 3. Gel dosimeter phantom irradiated according to a conformal radiotherapy treatment (left side). The 

white region is the result of irradiation induced polymerization in the hydrogel. Maps of absorbed 

radiation dose are obtained by use of high-accuracy quantitative R2 nuclear magnetic resonance imaging 

on a clinical MRI scanner (right side) [16] 

Polymeric gel “dosimeters” are made of ionizing radiation-sensitive chemicals that polymerize 

upon exposure to radiation depending on the amount of absorbed dose.  

The main advantage 3D gel dosimetry over ionization chambers (1D dosimetry) or radiochromic 

films (2D dosimetry) is measurements of three-dimensional (3D) dose distribution, especially it is 

important for the large dose gradients, which are specific for IMRT and VMAT techniques (tissue-

equivalent Fricke gel dosimeters, have already been successfully used for the dose verification in 

IMRT and VMAT). Another advantage of polymeric gels is that due to the high water content in 

these gels, they do not require any energy corrections for electron and photon beams [17]. The 

only disadvantage of this method is that the gel could be used just once. 

2D film dosimetry. Other methods like 2D or 1D dose measurements are limited, understanding 

and evaluating the absorbed dose distribution into the volume. 2D film dosimetry allows to analyze 

of the dose distribution in one plane (surface or in a certain depth), but it does not show full 

information about the dose distribution in a volume [18]. The 2D method is used to register 

irradiation doses with radiographic and radiochromic films (figure 4).  
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Fig. 4. Structure of the different dosimetric films [18] 

An important part of these two film dosimeters is active layers/emulsions, which consists of AgBr 

and AgI crystals suspended in gelatin.  

The radiographic film consists of thin plastic with emulsion gelatine coatings, which contains 

radiation-sensitive crystals a silver bromide (AgBr) [19]. The plastic base is coated with AgBr, 

which is after coated with the protective coating with gelatine on both sides of the film. The dose 

where the radiographic film is useful is ~2Gy, but the main advantage of using is that it doesn’t 

perturb the beam [19]. When the photon interacts with the radiographic film, the electrons are 

released from the conduction band. Trapped electrons interact with Ag+. The ionization of AgBr 

creates the latent image in the film [19-20]. 

Radiochromic film consists of radiosensitive dye which polymerizes upon radiation exposure. The 

polymer is light sensitive, it changes the color when irradiation procedure. It measures the quantity 

of dose and provides 2D dose mapping. Compared to radiographic film, the radiochromic film can 

find a maximal dose but has lower sensitivity [19]. The film gets darker proportional to the 

absorbed dose [20]. 

Optical density usually is used for the intensity of the affected film by irradiation measurements. 

Optical density is defined as the logarithmic function of the incident intensity and transmitted 

intensity ratio: 

𝑂𝐷 = 𝑙𝑜𝑔10
𝐼0

𝐼
,      (1) 

Even if the results of the measurements could be observed directly, some additional calculations 

and analysis have to be provided, and it could be done, for example using radiochromic films just 

after 48 h. [21]. 
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1D dosimetry. The main disadvantage of 1D dosimetry is the ability to measure dose at one 

point. Thermoluminescent dosimetry. Thermoluminescence dosimeters (TLDs) are one of the 

most frequently used types of dosimeters, even if the dose is measured at one point. According to 

the small size of TLDs (mm row) and different shapes (powder, rod, chip, ribbon or disc), it could 

be placed in a tiny “cavities” (figure 5) [21]. 

 

Fig. 5. Illustration of Rando phantom and the TLDs placed in a phantom slabs, according to the organs 

location at each slab [21] 

Thermoluminescent materials (TL) used in a medicine, like beryllium oxide (BeO), lithium borate 

(Li2B4O7) and lithium fluoride (LiF) [22-23] have a higher atomic number, while better sensitivity 

has aluminium oxide (AlO3), calcium fluoride (CaF2) and calcium sulphate (CaSO4) [24-26], but 

all mentioned TL materials are nearly equivalent to the human tissue, could be reused for multiple 

time, and also, it is known, that TLDs response to the dose is linear in a large range. Also, it is 

known, that different materials have different response and sensitivity to ionising radiation [27-

29]. 

Operation mechanism of TLDs is based on luminescence process. The incident ionising radiation 

alternates the structure of crystalline material. Therefore, an insulating material (TL material) 

absorbs a specific amount of energy and creates an electron-hole pair (mobile carriers). The 

electron then migrate towards the conduction band to the electron trap, while the hole migrate to a 

hole trap (along the valence band) (figure 5). The mobile carriers freely migrate in the crystal 

lattice until they are caught by traps (trapped in metastable states). Electron-hole pair combines at 

luminescent centres and releases light, when an external energy source (heat) is “transmitted” to 

electron and hole (to escape from the traps) [27-28]. 
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Fig. 6. The scheme of TL process: before irradiation, during irradiation and readout [27] 

Ionization chambers dosimetry. The main guideline for external beam radiotherapy is published 

by International Atomic Energy Agency Technical Report Series (IAEA TRS-398) [30]. In this 

report the recommendations for absolute and relative dosimetry are provided for high energy 

photon beams (1 to 50 MeV), using ionization detectors (chambers) are provided. There are two 

types of cavity/ionization chambers depending on electrodes shape used in radiotherapy: 1) 

cylindrical (thimble) chambers and 2) plane-parallel (parallel-plate or flat) chambers. The most 

commonly used are cylindrical one with an active volume of 0.1 – 1.0 cm3. These types of 

ionization chambers are a gas (usually air) filled detectors, in which sensitive volume the electric 

field is applied. An electric field is formed applying a polarizing voltage onto two electrodes for 

collection of all charges created by direct ionization of the gas/ air. The produced electric current 

is usually a nano-amperes row. The amount of ionization produced by radiation is proportional to 

the mass of the sensitive volume. The air density (air) at the ambient atmosphere is a function of 

the temperature (T) and atmospheric pressure (p), which has to be corrected regarding the reference 

charge measurements conditions (temperature equal to 20°C  (293.15 K) and a pressure – 101.325 

kPa) [31]: 

𝑓𝑝𝑇 =
1013.25

𝑝
x
(𝑇+273.15)

293.15
     (2) 

Therefore, the dose to air (Dair) in ionisation chamber cavity can be calculated from the basic 

relation: 

Dair=
𝑄𝑎𝑖𝑟

𝑎𝑖𝑟
×

𝑊𝑎𝑖𝑟

𝑒
     (3) 

where Qair is measured charge in the air cavity; airV is a sensitive air mass (mair), then air is the 

air density in the cavity of the chamber and V is a volume of the cavity; Wair/e is the mean energy 

required to produce an ion pair in dry air (for radiotherapeutic photon and electron beams Wair is 

equal to 33.97 J/C), divided by an electron charge. 
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Such kinds of detectors/ ionization chambers seldom measure dose directly to the medium. It is 

known, that these detectors are created to “behave” as Bragg–Gray cavities in a high energy 

(megavoltage) photon and electron beams. The air volume of the ionization chamber is usually 

surrounded by a medium (most often it is water), for this reason relation of absorbed dose to the 

air in a cavity with absorbed dose in the medium could be explained using small size Bragg-Gray 

cavity theory (figure 7):  

𝐷𝑚𝑒𝑑 = 𝐷𝑎𝑖𝑟 × (
𝑆𝑆𝐴

𝜌
)med, air     (4) 

where (SSA/ρ)med,air is the medium to air Spencer-Attix stopping power ratio (takes into account 

creation of delta (secondary) electrons, which are generated slowing the primary electrons) for the 

charged particle flounce spectrum present in the undisturbed medium [32]. 

 

Fig. 7. Illustration of cavity theory [31]  

Even if using ionization chambers the dose could be measured in one point, today it is the fastest, 

and simplest way to measure “directly” the dose. 

Whatever the method will be used for the dosimetry measurements, it would not be performed 

without phantoms, i.e. imitators of the human’s body. 

Phantoms. The most often used phantoms in radiotherapy are water phantoms. The main 

requirements for this type of phantom are size (30 × 30 × 30 cm3) (figure 8). Also, one important 

thing is, that if it is needed to perform measurements through the plastic wall (then the wall 

thickness is >0.2 cm) of the water phantoms, has to be accounted the density of wall [33]. 
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Fig. 8. Small water phantom for absolute dosimetry [33] 

Solid state phantoms. Standard polymethyl methacrylate (PMMA) phantoms (slabs or circular 

imitators of human body or head (figure 9), but it has limitation, they are expensive and it has 

homogeneous geometrical structure [34].  

 

Fig. 9. Standard polymethyl methacrylate (PMMA) phantoms, A – slabs, B – circular immitation of 

human body or head [35-36] 

The main disadvantage of water phantoms and already mentioned solid state phantoms, that they 

cannot imitate the realistic processes of treatment procedures. Therefore, anatomical models are 

very important in dosimetry, as it is not possible/ almost impossible to measure directly the 

absorbed doses in living human organs, and direct invasive studies are dangerous to human health. 

According to this physical anthropomorphic phantoms are successfully used in clinical practice. 

Anthropomorphic (realistic) phantoms. Also, it could be used so-called anthropomorphic 

phantoms, like RANDO Alderson phantom (figure 2), which represents the human body 

equivalent phantom and consists of bone and tissue-equivalent materials emerged in a phantom 

[37]. This type of phantom is divided by slices/ slabs, in these slabs the TLD dosimeters are 

possible to place. RANDO phantoms might represent the newborn child, also toddler (1-3 years 
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old kid) and child (3-7 years old) [37], as well as male and female adult patients [38]. Such kind 

of phantoms is implemented in radiation therapy practice, due to the high accuracy.  

Today then 3D printing technology becomes more and more popular, due to its low cost and 

efficiency of 3D patient-specified anthropomorphic phantoms are started to be widely used in 

medicine (figure 10) [39].  

  

Fig. 10. 3D patient-specified anthropomorphic phantoms for breast (A) and head and neck (B) [40-41] 

This technique is fast, enough cheap, and allows for medical staff to work efficiently performing 

patient dosimetry and minimize the possible errors evaluating the absorbed dose in a volume 

related to the complex geometry or different densities inside the body [34], especially then it is 

possible to imitate patient’s real organs and geometry issues. 

Dosimetry methods and phantoms used in clinical practice it is not the only issues, which helps to 

ensure the quality of the treatment outcome, especially if such cases, like shallow tumors (lymph 

node metastasis, nasal cavity, and paranasal sinuses, end, etc.) or irradiation of uneven and 

concaved surfaces has to be irradiated using a high energy photon and the maximum prescribed 

dose has to be delivered for the surface tissues as well, but due to skin-sparing effect, it is not able 

to do [42]. For this reason is used so-called compensators and boluses, which are briefly described 

in the next 1.3. Chapter. 

 

 

A B 
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1.3 Compensators and Boluses in external beam radiotherapy 

It is known, that the dose on the patient’s surface to a certain depth of dose maximum depends on 

irradiation field size and source surface distance (SSD), i.e. smaller size of the field and larger 

SSD, the dose on the surface is smaller. Such kind of the dose distribution on the surface 

determines reactions of the skin, which depends on the energy of the field and the depth of the 

tumor, i.e. deeper the tumor, higher energy of the photons has to be chosen. Dependence of the 

dose changes within the depth in water is shown in Figure 11. 

 

Fig. 11. Percentage depth dose dependence on the depth in water, then energy of the field changes [43] 

Percentage depth dose (PDD) in a patient’s body (in a volume) depends on beam energy and size 

of the field is showed in a Figure 12: then irradiation dose and energy is constant, photons penetrate 

deeper, if size of the field is larger [43-44].  

 

Fig. 12. Depth dose dependence from the size of field (10 cm × 10 cm and 30 cm × 30 cm), then the 

energy of photons is equal to 10 MeV [1] 

Therefore, using high energy (MeV) photons due to skin sparing effect irradiating shallow tumors, 

this effect could be reduced, using an additional “tools”, like compensators or boluses (figure 13).  
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Fig. 13. A) 3D printed patient-specific bolus [1] and B) compensator [45] 

Additional tools leads to a better quality of treatment outcome, avoiding the possible risk of 

recurrences, if the tumour is located near the surface [1, 45-46].  

1.3.1 Compensators 

As it is known, using a compensator, it is possible to curve shapes and irregularity of human body 

causes, creating the non-uniform isodoses distribution into the volume [47, 48]. It is placed on the 

distance from the patient and compensates “missing tissue”, so reducing the scatter of irradiation 

at the various depths and ensuring a uniform isodoses distribution in an irradiated volume (figure 

14) [47]. The materials used to create a compensator could be: tungsten powder in mold, tin or 

steel granule in mold, tin granule wax mixture in mold, brass, still, lead, etc. [48]. Today, more 

and more frequent compensators are fabricated, for example, using a 3D printing technique: 1) 

mold is printed using the 3D printer; 2) a wax is heated, when it becomes liquid it is mixed with 

tungsten powder; 3) all the mixture is poured in a 3D printed mold and cooled down in the room 

temperature; 4) after it’s cooled down the compensator is removed from the mold and is already 

ready to use [43]. 

Therefore, if the compensator is placed in a distance, the bolus is placed on the patient‘s surface 

and creates a dose build-up region on the patient’s surface. 

Compensators are widely used for the post-mastectomy patients, compensating missing tissues on 

the scar and uniform the isodoses distribution, but also it is one of the tools creating a more uniform 

isodoses distribution in a volume and compensating missing tissues of the patient’s body for H&N 

cancer cases (figure 13 and figure 14) [47].  
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Fig. 14. Illustration of compensator for the irregular surface: h’ – thickness of the compensator that is 

equal to the height (h) that is needed to uniform the isodoses distribution on the surface [47] 

 

Fig 15. Percentage Depth Dose (PDD) per distance mm, during 6MV photon energy IMRT treatment, by 

using 30.2 mm thickness cadmium-free compensator with field size 200 mm2 x 200 mm2 at off-axis 

points (penumbra) P0 (0mm,0mm), P (50mm, 50mm) and P’ (75mm, 75mm) [44] 

1.3.2 Boluses 

The bolus is a human body equivalent material, which is placed directly on the patient's surface as 

an additional body [47].  

Since irradiating near-surface tumors with high energy photons creates a lack of the dose on the 

surface, boluses play an important role as an additional body layer, which results in a better 

homogeneity and conformity of the dose to the body surface [49]. So the application of bolus in 

radiotherapy compensates missing tissues, leads to better treatment quality, avoiding the risk of 

possible recurrences, also helps to create homogeneous dose distribution on the patient’s surface/ 

skin [50]. M. J. Butson, etc. [2] study showed, that dose distribution in different depths is 

influenced with the use of the bolus and how it depends on the size of the field (Figure 16). The 

results showed, that the surface absorbed dose without bolus for 8 cm × 8 cm irradiation field is 

equal to 14 %, while for 10 cm × 20 cm – 21 %, while using 1 cm thickness bolus, the surface an 
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absorbed dose increases respectively to 98 % and 99 %. The results show, that using a bolus it is 

possible to create absorbed dose maximum on the surface/ skin.  

 

Fig 16. Percentage depth dose distribution with and without bolus: photon beam energy 6 MeV; gantry 

angles 0° and 60°; SSD – 100 cm; field sizes: 8 cm × 8 cm and 10 cm × 20 cm [2] 

Therefore, build-up material (bolus) has a vital implementation in electron beam and photon 

radiotherapy, as they are used for many types of shallow cancer treatment, expecting an important 

improvement of treatment procedure outcome, so ensuring better control of the disease. The bolus 

usually is used as an additional body for a post-mastectomy, but also it could be used and for H&N 

and other types of shallow cancer localizations, in order to “compensate” missing tissue during 

irradiation procedure, creating a maximum prescribed dose on a patient’s surface/ skin [49-52]. M. 

Fischbach, etc. [53] study showed, that using 0.5 cm thickness silicone bolus for 6 MeV irradiation 

in compare with results without bolus, dose in 1 mm depth increased from 76.7 % to 84.7 %, while 

in 3 mm depth dose increases from 93.0 % to 95.7 %. Therefore, the treatment of shallow tumors, 

using the bolus is effective and improves treatment outcomes significantly. However, So-Yeon 

Park, etc. [50] showed, that irradiating a scar the bolus also can be used as some sort of “shielding 

material” for organs at risk (OAR), like heart and lung, because it minimizes dose (so decreases 

Normal Tissue Complication Probability (NTCP)) for the healthy tissues and OARs, optimizing 

an isodoses distribution in a volume. How it looks like isodoses distribution in a volume, then is 

used so-called bolus as a “shielding material” for the OARs, like left kidney, it could be seen in 

figure 17.  



   28 

 

Fig 17. Isodoses distribution in a body using different geometries of the boluses [54] 

The most usual material used for bolus fabrication in daily clinical practice is silicone [55]. The 

main characteristics of the silicone there are: flexible, it is easy to store, to use, cost-effective, non-

toxic, and is tissue equivalent. However, it is known, that even if the standard flexible silicone 

bolus is used during treatment procedures, in most cases it would be impossible to avoid air gaps 

between the patient’s body and the bolus [49-56]. M. J. Butson and co-authors [2] study showed, 

that using bolus air gaps of 4 mm reduces the dose of approximately 4 % for basal layer and 

depends on field size and angle of incident, while air gaps of 10 mm, reduce the dose up to 10 %. 

So the main conclusion is, that air gaps should be minimized or avoided as possible. It is known, 

that it is possible to minimize or avoid air gaps using, for example, “sticking” silicone bolus 

(silicone by itself is a sticking material, so one side of the bolus were used to be without plastic 

cover, which is usually used to), which sticks on the patient/phantom surface [56]. This type of 

bolus showed better results in comparison to a standard silicone bolus: air gaps were minimized 

(from 5 mm to 3 mm) or even avoided. Another alternative for the standard or “sticking” silicone 

bolus is to use individualized 3D printed bolus [57].  

3D printed boluses. Different printed issues, like parts of the phantoms or even whole phantoms, 

mold of compensators, boluses using the 3D printed technique is a quite new “tool” in a 

radiotherapy field, accordingly to this today, is paid a lot of attention investigating properties of 

the used materials and possibilities to use printed issues in clinical practice [58, 61]. A choice of 

materials used for printing requires a long time of evaluation of the properties and characteristics 

[58, 61]. The main question is how to choose the most suitable? Using 3D printing technique in 

clinical practice, it is very important to pay attention to the main characteristics of used materials, 

like density, equivalency to a human body (tissues/ organs), attenuation properties, which could 
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be evaluated using CT number values Hounsfield units (HU) [58]. HU is proportional to the 

photons attenuation coefficient in the human body, which is expressed on the greyscale, where -

1000 is air (totally black) +1000 is bone (totally white) (figure 18) [59-60]. 

 

Fig 18. Grey scale expression of HU values on the head CT. Bone ~+1000 HU, the air outside the patient 

is -1000 HU [60] 

For example, 3D printed materials, like Polylactic acid (PLA) and Acrylonitrile butadiene styrene 

ABS [58] are human tissue equivalent, as well as standard silicone [62]. Also, it is known, that 

PLA and ABS could be used to print for example, for head, thorax surface areas, while acrylic 

polymer – used to print spine, and etc. (table 4) [58].  

Table 2. Characteristics of the main 3D printing materials used in a clinical practice 

3D printed materials Chemical formula 

3D printed 

material 

density, g/cm3 

Anatomic 

structure 

Anatomic 

structure 

density, g/cm3 

Polylastic acid (PLA) C3H4O2 1.01-1.43 
Thyroid gland/ 

Skin/ Bone 

1.045/ 

1.09/ 1.92 

Poly(acrylonitrile-co-styrene-co-

acrylate) (ASA) 
C15H17NO2 1.06-1.10 Brain 1.05 

Glycol-modified polyethylene 

terephthalate (PETG) 
C16H28O8 1.27 Bone 1.92 

High impact polysterene (HIPS) C12H16 1.04-1.05 Muscle 1.04 

Acrylonitrile butadiene styrene 

(ABS) 

C8H8•C4H6•C3H3N)n 

[63] 
1.04 [63] Bone [63] 1.92 [64] 

As it was already mentioned, that silicone bolus is a soft and flexible, while 3D printed bolus is a 
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solid state (figure 12), but due to ability print it individually for each patient, printing technique 

appeared to have a wide scope of view, creating an individualized phantom or bolus specified for 

the patient characterized shapes [2-65].  

 

Fig 19. A) silicone bolus (image was taken from French manufacturer Arplay commercial bolus - 

Bolusil®) and B) 3D printed bolus [1] 

 “Dosimetrical” aspects of the 3D printed boluses used in external radiotherapy. The main 

advantage of 3D printed bolus, in comparison with a standard silicone bolus it is possible to avoid 

or minimize unwanted air gaps much more, that means absorbed dose under the bolus and isodoses 

distribution in a volume are more accurate. Due to fallowing reasons individualized 3D printed, 

for example, PLA bolus proves its reliability using it in the clinical practice. K. Fujimoto and etc. 

[1] made study which showed, that 3D printed ABS bolus had a good clinical outcome at any 

thickness, which differs from 0.5 cm to 3.0 cm, especially paying attention to the air gaps created 

in between “patient” and bolus (Figure 19).  

 

Fig 20. Dose distribution showed for four treatment plans, using three different types of 0.5 cm boluses: 

3D printed bolus, virtual bolus (created with treatment planning system) and commercial bolus [1] 

Therefore, it was concluded, that using 3D printed bolus has benefits for the patients and for 

medical staff, because it ensures better accuracy in set-up process, saves the time of designing 

bolus, it is easy to produce, which has high accuracy in delivering dose and reduces air gaps while 
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applying on the irregular surface of the patient body (head and neck) [1]. During the study done 

by Kim SW. [1] there was used 2 boluses: standard and customized 3D printed, where was 

observed, that using standard bolus resulted in an unwanted air gap, which was minimized and/ or 

avoided using customized 3D printed bolus, especially on concaved surfaces (Figure 21). Results 

of this study showed, that the 3D printed customized bolus has better dose distribution and better 

fitting with irregular surfaces [1]. 

 

Fig 21. Dose distributions of the two irradiation treatment plans using the RANDO phantom: A) plan 

without bolus, B) plan with the 3D printed bolus. Yellow line, 100% isodose contour; blue line, 90% 

isodose contour; brown line, 80% isodose contour; cyan line, 70%isodose contour; dark green line, 50% 

isodose contour [1] 

However, the main challenge starting to use 3D printing boluses it is not enough to choose material 

and print a bolus, it is a complex procedure (reconstruction of the images, printing technique issues, 

like infill ratio and etc.), which influences a successful use of individualized 3D printed boluses in 

clinical practice.  
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1.4 The main aspects of 3D printing technique 

One of the criteria’s, which affects individualised 3D printed boluses appropriate use in 

radiotherapy is infill percentage of printing material (infill ratio or infill density), which depends 

on chosen infill patterns as well. The material density may vary with different infill patterns due 

to different material distribution during the printing (figure 22).  

 

Fig 22. Illustrative and actual structures of typical infill patterns. (a) rectilinear, (b) grid, (c) triangular, (d) 

wiggle, (e) full honeycomb and (f) fast honeycomb. All the samples infill percentages are set to 90% in 

the printer software [66] 

According to a study done by Z. Moghaddam and et. al. [54] the printing infill is tremendously 

important for homogeneity of material and the conformity of dose distribution. In this study 

different infill percentages, PLA boluses were evaluated (from 20% to 100%) and irradiated with 

6, 8, 10, and 12 MeV electrons energies. The results showed, that that higher the infill percentage 

means better homogeneity of the object (bolus). Analyzed percentage depth dose curve of 100% 

infill PLA bolus has the best correspondence with percentage depth dose in water. Therefore, it 

means that a 100% infill ratio has the best dosimetric results compared with lower infill density 

(20%) boluses [54]. The other study was done by R. Ricotti and et. al. [67] evaluated 3D printed 

PLA and ABS boluses with different infill density. In this study the boluses were printed with 

rectilinear mesh pattern with a different infill percentage boluses – 10%, 20%, 40%, 60%, 

irradiating them with a single field (field size 5 cm x 5 cm) treatment plan using 6 MeV photon 

energy beam (figure 19) [67]. It was found, that higher infill density bolus (PLA bolus had higher 

density compared to ABS bolus at the same infill percentage) with higher homogeneity of the 

material corresponds the better homogeneity of dose distribution for maximum 6 MeV photon 

energy, while with 40% and 60% infill densities printed boluses showed 5% difference on the 

measured dose distribution (figure 23) [67].  
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Fig 23. CT scans of the analysed boluses. The internal structure (infill pattern) of the 3D printed (PLA 

and ABS) and the commercial bolus is visible. The colour bar refers to the Hounsfield Units (HU) 

measured by the computed tomography (CT) scan [67] 

According to the analysis of the film dosimetry results regarding to infill ratio showed, that under 

100% infill ratio bolus homogeneity of the dose distribution on the surface (figure 24 A) is not 

influenced by the pattern of the 3D printing, and it could be successfully used for 2D films 

dosimetry. However, attention should be paid to a “patterned” dose distribution under the bolus 

(figure 24 B), using a 90 % infill ratio. This resulted in additional uncertainties in dose delivery to 

the patient. Due to this reason it is recommended to use bolus printed with 100% infill ratio, 

assuring more reliable dose measurement using 2D film dosimetry. Films dosimetry reviled, that 

the infill ratio plays important role using printing issues for medicine applications [49]. 

 

Fig 24. 2D GafChromic films EBT2 irradiated between the standard CT PMMA head phantom and the 

3D printed polylactic acid plastic (PLA) bolus. A – irradiated GafChromic film under the 100 % infill 

ratio 3D printed PLA bolus. B – irradiated GafChromic film under the 90 % infill ratio 3D printed PLA 

bolus [49] 

A B 
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Summary of literature review 

Radiotherapy aims to protect healthy organs while irradiating the tumor. Head and neck are one of 

the most common cancer localization with close vicinity of organs. For this reason a lot of methods 

have been developed to control the irradiation doses on the critical organs. Nowadays the science 

cannot answer the question of what stochastic or deterministic effect may cause to the living tissue. 

As a result, a lot of methods are developed to control the possible risks to the critical organs.  

Quality assurance (QA) and quality control (QC) assures the accuracy of dose delivery with 

minimized errors. To perform quality assurance and quality control dosimetry is the main method. 

Dosimetry is considered as one of the most efficient tools in everyday practice in radiotherapy. 

1D, 2D, and 3D dosimetry methods help specialists control the dose to the critical organ and tumor 

in order to avoid unjustified irradiation. The measurements of irradiation doses are taking place on 

the surface of the patient's body, but in some cases the dose distribution on the deeper localizations 

is required. For this reason the phantoms are used. Different types of phantoms imitate the different 

parts of the human body (whole body, head), which help specialists check the delivered doses to 

the tumor and the OARs.  

Irradiation of superficial lesions using high-energy (MeV) photons beam creates a skin-sparing 

effect that switches isodose to the deeper localizations, which means treatment failure, due to the 

irradiation dose is delivered to the critical organs, not to the target volume (TV). The solution to 

overcome this problem is boluses. 3D printing technology is highly implemented in creating 

individualized boluses for the patients. Commercially available boluses create the air gaps between 

the bolus and the patient surface and the dose distribution becomes inhomogeneous and decreases 

as the air gap occurs. 3D printed boluses minimized the existence of air gaps between the bolus 

and the patient's surface.  

The 3D printing technique is a new method in radiotherapy which improves the optimization of 

radiotherapy procedure  
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2 Materials and methods 

Two different thickness (0.5 cm and 1.0 cm) of individualized 3D printed polylactic acid (PLA) 

boluses were used imitating irradiation of shallow head and neck cancer with a high energy 

photons (6 MeV energy usually is used for head and neck cancer irradiation). It is known, that the 

main problem using boluses in radiotherapy ensuring the better treatment outcome is air gaps 

formed between bolus and patient. For this reason, the patient-specific phantom was fabricated, 

attaching 3D printed PLA middle part of the face (eyes and nose region) reconstructed from the 

CT images to a surface of the standard computed tomography (CT) polymethyl methacrylate 

(PMMA) head phantom (figure 21). The detailed process of reconstruction and 3D printing is 

described in 2.1 chapter “Reconstruction and 3D printing of the patient-specific phantom and 

individualized bolus”. 

 

Fig 25. CT PMMA phantom, 3D printed PLA phantom 

2.1 Reconstruction and 3D printing of the patient specific phantom and individualized bolus 

Patient specific phantom and individualised bolus reconstruction and creation process consisted 

from these steps: 

1. Real patient‘s reconstruction creating patient‘s 3D model. Reconstruction was done in 

cooperation with PhD student Antonio Jreije (KTU) from computed tomography (CT) images, 

using the open platform software program “3DSlicer” (figure 26). “3D Slicer” is used to 

transform the computed tomography scans into a 3D digital format (figure 26B), creating a 

model of an object.  
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Fig 26. Interface of free software platform “3DSlicer”. Patient’s reconstruction from computed 

tomography (CT) images, creating a 3D model (B) 

The program “3D Slicer” allows to manipulate whole image removing or adding structures, like 

bones or soft tissue, also slicing images/model into different directions (figure 26). 

 

Fig 27. Reconstructed patient’s 3D model from CT scans. A – the longitudinal view of the patient; B – 

the transverse view of the patient 

Creating patient’s 3D model, DICOM (Digital Images and Communications in Medicine) [67] file 

has to be uploaded and combined with the special functions in order to get a 3D model of the 

patient, afterward this file has to be converted to stereolithography (STL) file [67]. STL file of the 

reconstructed 3D model from patient‘s CT scans was used to create a patient-specific phantom for 

the middle part of the face (eyes and nose region), using the free software program “Blender” 

(Figure 27). 
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Fig 28. Interface of the program “Blender” 

2. 3D printing of reconstructed patient (middle part of the face) from polylactic acid (PLA) 

material (was done by PhD student Antonio Jreije (KTU)), attaching/ fixing it to the surface 

of standard polymethyl methacrylate (PMMA) CT head phantom (figure 29).  

 

Fig 29. 3D printed middle part of the face. A – The longitudinal view of the 3D model of the phantom; 

B – the transverse view of the 3D model of the phantom; C and D – attached 3D printed model to the 

PMMA CT head phantom 

Printing process of patient specific phantom consisted from these steps: 

a. Reconstructed 3D model of the bolus for the review were uploaded into the program “Print 

3D“ (figure 30).  
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Fig 30. The program “Print 3D” shows the approximately final result. A – longitudinal and B – 

transvers view 

b. Printing. Printing was performed using a software program “Z-suite” (figure 31) and 

printer “Zortrax M300 3D“.The patient specific phantom and individualized boluses were 

printed in Kaunas University of Technology, Department of Physics (figure 29).  

 

Fig 31. The program Z-Suite, which shows the printing parameters 

The patient specific phantom was printed using polylactic acid (PLA) filament, with 90 % infill 

ratio. It was found, what using for printing 90 %infill ratio for the patient specific phantom it 

showed a good agreement with a soft tissues Hounsfield unit (HU) values, taken from the head 

and neck cancer patients‘ facial region CT images (figure 32).  
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Fig 32. A – HU values of the 3D printed bolus, PMMA phantom and 3D printed part of patient 

specific phantom; B – H&N patient HU values chosen for different patient’s organs (bone, scull, soft 

tissues and brain) 

3. Bolus reconstruction (figure 21 C and D) and 3D printing, from the CT scanned patient 

specific phantom (figure 21 A and B), following the same principle like in the first step 

“patient’s” reconstruction was done. 

 

Fig 33. A and B – patient specific phantom; D – reconstruction of the patient specific phantom from 

the B – CT scans 

Two different thickness (0.5 cm and 1.0 cm) boluses were recreated on a program “Blender” using 

3D printed patient specific phantom (figure 29 and figure 34) and printed. 0.5 cm and 1.0 cm 

thickness were chosen regarding to photons energy (6 MeV) used imitating shallow head and neck 
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(H&N) cancer irradiation procedure. It is known, that the maximum dose depth of 6 MeV photons 

is 1.5 cm, so usually 1.0 cm thickness bolus is used. However, some studies showed, that 0.5 cm 

bolus ensures the sufficient dose distribution on the patient’s surface, irradiating with 6 MeV 

photons [52, 1]. Due to this reason in this research project two different thicknesses boluses were 

analysed. 

 

Fig 34. Reconstructed bolus with diameter 1cm was recreated out of scanned 3D printed specific 

patient PLA phantom. A – Longitudinal, B and C – transverse view of 3D modelling of individualized 

0.5 cm and 1.0 cm bolus 

STL files of boluses created in the program “Blender”, were saved for the printing procedure, but 

before it were checked by using free software program “Meshmixer”. The program “Meshmixer” 

is used to detect 3D objects defects, for example, an error in the scaling using a program “Blender”. 

Likewise the “stair” artefacts, which means that an object is not smooth and on the surface it creates 

“stairs”. In this case the program “Meshmixer” is used in order to smooth the surface [68].  

3D models of boluses were printed (figure 35), following the process described in the previous 

(2nd) step “3D printing of reconstructed patient (middle part of the face) from polylactic acid (PLA) 

material (was done by PhD student Antonio Jreije (KTU)), attaching/ fixing it to the surface of 

standard polymethyl methacrylate (PMMA) CT head phantom” (figure 29). 

 

Fig 35. Printed bolus 0.5 cm bolus on the patient specific phantom 

If the patient specific phantom was printed using polylactic acid (PLA) filament, with 90 % infill 

ratio, so 3D printed bolus with 100 % infill ratio. This caused higher HU value, even it is known 

and in a reference could be find (table 3) that HU value of the PLA is equal to 142, while 3D 
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printed patient specific phantom with 90 % infill ratio as already mentioned is equal to -32 HU. 

These data showed how important criteria infill ratio and 3D printing pattern is.  

Table 3. HU values of PMMA and 3D printing material [70-72] 

Material Hounsfield Unit 

PMMA 126 ±15 [70] 

PLA 142 [71] 

ABS -54 ±13 [72] 

 

2.2 Dosimetric evaluation of the data 

In order to evaluate how 3D printed bolus fits to the patient specific phantom and evaluate the 

absorbed dose distribution, without and with bolus, depending on an air gaps (between bolus and 

patient specific phantom) and bolus thickness was used 3D treatment planning system “Eclipse” 

(figure 36). “Eclipse” is a treatment planning system (TPS) manufactured by Varian, that is 

designed for various types of treatments (3D-CRT, IMRT, VMAT, IGRT, also electron proton and 

brachytherapy treatments) [73].  

 

Fig 36. 3D treatment planning system “Eclipse” for the plan without bolus 
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The main workflow of dosimetric evaluation using 3D TPS consisted from two steps: 

1. The first step was air gaps evaluation/ measurements between different thicknesses of the 

boluses. The air gaps under the 0.5 cm and 1.0 cm thickness 3D printed PLA individualized 

boluses were evaluated using 3D treatment planning system (TPS). 

 

Fig 37. Marked air gaps between 0.5 cm thickness 3D printed PLA individualized bolus and the 

patient specific phantom. A – air gaps formed under the 0.5 cm bolus in a certain slice varied from 

0.04 cm to 0.16 cm; B – air gaps created under the 1.0 cm bolus in a certain slice varied from 0.07 cm 

to 0.16 cm 

Analysis of the air gaps formed in between was done slicing through the CT slices, measuring it 

in 2D slices (figure 37), determine where usually air gaps were formed. More data regarding to air 

gaps evaluations in different 2D slices are presented in an Appendix 1.  

2. The second step creation of three single field treatment plans were planned for evaluation of 

the dose distribution without bolus and with individualized 3D PLA printed boluses (figure 

34). Due to higher density of printed individualized boluses, was created so called additional 

structure converting high density HU (~469 HU) value to a lower density HU value (-30 HU), 

which imitates soft tissues (figure 38), as usually bolus is used to imitate (figure 39). 
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Fig 38. Additional structure on the 0.5 cm thickness bolus imitating soft tissue.   

 

Fig 39. A - single field plan without bolus, B – single field plan with 0.5 cm thickness 3D printed PLA 

bolus, C- single field plan with 1 cm thickness 3D printed PLA bolus 

As already mentioned, three single field plans with the same irradiation conditions have been 

created: field size 5.6 cm x 3.6 cm, gantry angle 20° (angle was chosen for the dose distribution 

evaluation from the left side of the patient specific phantom, because air gaps formed under the 

boluses were almost the same (symmetrically) distributed in both sides of the “patient” (figure 34 

B and C)), irradiation energy 6 MeV energy, 2 Gy/fr. (table 4).  
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Table 4. Field size of the beam 

Field X [cm] X1 [cm] X2 [cm] Field Y [cm] Y1 [cm] Y2 [cm] 

5.6 +0.9 +4.7 3.6 +1.2 +2.4 

Surface dose was evaluated for the structure of 3.8 cm3 volume, which has been cropped from the 

target (18 cm3 volume) (figure 39).  

 

Fig 40. 3.8 cm3 volume where the surface doses were evaluated 

Whole plans data analysis were performed using dose volume histogram (DVH). DVH is a 

histogram showing relation from radiation dose to tissue volume (figure 40). It is one of the main 

tools evaluating treatment plan quality. 

 

Fig 41. DVH for the single plan without bolus  
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3 Results  

Radiotherapy aims to irradiate the tumor and save the surrounding healthy tissues as much as 

possible. High energy (MeV) photons create a skin-sparing effect, which is useful irradiating 

tumors located deep in a body [61], avoiding undesired early and late reactions of the skin. 

Therefore, the surface dose is vital due to normal tissue complication probability (NTCP), which 

might be the consequence of overexposure [74]. On the other hand, if the tumor is located near the 

surface, the skin-sparing effect reduces the absorbed dose to the target and the target will be 

underexposed [61]. In order to avoid that, a build-up boluses (additional body) are used, but the 

standard silicone bolus, even it is flexible, used on the irregular surfaces, like head and neck forms 

air gaps between bolus and patient, which results in inhomogeneity of the dose distribution. 

Therefore using customized 3D printed bolus minimizes uncertainties of the treatment procedure 

using high energy photons, created due to formed air gaps [1, 61]. Due to this reason, the main aim 

of this research was to determine the suitability of 3D printed boluses to a patient-specific phantom 

surface based on CT images (air gaps evaluation) and to compare 3 planned plans (one without 

bolus and two with different thickness boluses) efficiency for the treatment outcome.  

Evaluation of the air gaps was done using the 3D treatment planning system “Eclipse”, analyzing 

information seen in 2D slices and measuring the distance between bolus and patient-specific 

phantom (figure 41). In this way were analyzed two CT scanned experimental setups, using 

different thicknesses (0.5 cm and 1.0 cm) of individualized 3D printed PLA boluses on fabricated 

patient-specific head phantom (reconstructed from real patient CT scans).  

 

Fig 42. Marked air gaps between 0.5 cm and 1.0 cm thickness 3D printed PLA individualized bolus and 

the patient specific phantom. A – air gaps formed under the 0.5 cm bolus in a certain slice varied from 

0.04 cm to 0.16 cm; B – air gaps created under the 1.0 cm bolus in a certain slice varied from 0.07 cm to 

0.16 cm 

Analysis of 2D slices for 0.5 cm and 1.0 cm individualized 3D printed PLA boluses showed, that 

air gaps formed almost symmetrically between bolus and patient-specific phantom (figure 41). The 

larger air gaps were formed in cheeks area (which varied from 0.4 mm to 2.1 mm for 0.5 cm bolus; 

while for 1.0 cm bolus it varied from 0.6 mm to 2.2 mm), while in nose region it differed from 0.7 

mm to 1.3 mm (for 0.5 cm thickness bolus) and 1.4 mm maximum air gap was observed for 1.0 

cm thickness bolus. According to G. Dipasquale et al. [75] air gaps formed between 3D printed 

bolus and skin were 1-2 mm. These results show good agreement to research project results, which 
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in studied 2D CT slices were 0.4-2.1 mm (0.5 bolus) and 0.7-2.2 (1.0 cm bolus). It is known, that 

using standard silicone bolus during head and neck irradiation with 6 MeV energy photons air gaps 

between bolus and patient usually could differ from 5 mm [2] to 10 mm [76]. The air gaps of 4 

mm reduce the dose of approximately 4 % for basal layer, depending on field size and angle of 

incident, while air gaps of 10 mm, reduce the dose up to 10 % [2]. Therefore, it is significantly 

observed how air gaps could be minimized or even in some regions and avoided, using 3D printed 

boluses independently from the 3D printed bolus thickness.  

Statistical analysis showed that averaged values of air gaps with 95% of the confidence interval 

for 0.5 cm thickness 3D printed PLA bolus is in the range of (0.14; 0.15) mm, for 1.0 cm thickness 

3D printed PLA bolus with 95% of confidence interval it is (0.13; 0.15) mm, while Butson et. al 

reports that the mean ar gap observed under the 3D printed ABS bolus is 0.2 mm [2].  

3D treatment plans analysis. Three single-field plans were created evaluating dose distribution 

for the surface volume (a surface part of the target). One of the plans was planned without a bolus, 

two others were planned with two different thicknesses boluses (0.5 cm and 1.0 cm), using the 

same planning parameters: field size 5.6 cm x 3.6 cm, gantry angle 20°, irradiation energy 6 MeV 

energy, 2 Gy/fr. It was observed, that in a single field plan planned without bolus (figure 38) the 

isodose was shifted inside the phantom/volume by the 0.70 cm (for 95 % coverage) and 1.00 cm 

(for 99 % coverage), that resulted in a lack of the dose on the surface. 

 

Fig 43. A single field plan without bolus 

Also, analysing results of the plan, were used dose volume histograms (DVH) (figure 43), 

evaluating 95 %, 98 % and 99 % coverage of the surface volume. 95 % limit is usually used for 

3D conformal radiotherapy treatment plans evaluation, but for irradiation head and neck cancer 

patients, then is used intensity modulated radiotherapy (IMRT) or volumetric arc therapy (VMAT) 
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techniques, due to theirs ability to ensure higher percentage of the target coverage, additionally are 

evaluated 98 % or/ and 99 % coverage [30]. Therefore, 95 % of the investigated surface volume 

was irradiated 57.64 % (1.15 Gy) from the prescribed 2 Gy per one fraction, while 98 % – surface 

volume was covered with 51.24 % (1.02 Gy), and 99 % – 47.96 % (0.96 Gy). It means, that without 

bolus the target will be underexposed and this will result a recurrence of the disease.  

 

Fig 44. Dose volume histogram for the single plan without bolus 

Two other plans using different thickness boluses showed significantly different results. The plan 

planned with 0.5 cm bolus (figure 44) showed, that 95 % of the same investigated surface volume 

was irradiated 99.5% (1.99 Gy) from the prescribed 2 Gy per one fraction, while 98 % – surface 

volume was covered with 98% (1.96 Gy), and 99 % – 97 % (1.94 Gy). Therefore, the data obtained 

from TPS has shown decrease of the surface volume dose planning “treatment” without bolus. 

Improvement of irradiation procedure imitating irradiation of the shallow target was done using 

different thickness (0.5 cm and 1.0 cm) individualized 3D printed PLA boluses was the next goal 

of this reasearch project.  
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Fig 45. A single field plan with 0.5 cm thickness bolus and DVH of the plan 

The same tendency was observed analysing plan with 1.0 cm bolus: 95 %: 100 % (2 Gy), 98 %: 

99.5 % (1.99 Gy), and 99 % – 98.5 % (1.97 Gy) (figure 45).  

 

Fig 46. A single field plan with 1.0 cm thickness bolus and DVH of the plan 
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0.5 cm and 1.0 cm boluses results differ not so significantly (table 5 and figure 44, 45), so both 

thickness boluses could be successfully used in radiotherapy for head and neck shallow cancer 

irradiation. 

Table 5. Doses at different volume (95%, 98%, 99% of structure volume) 

A single field plan 
Doses with different volume (Gy)  

95% 97% 99% 

Without bolus  1.15 1.02 0.96 

With 0.5 cm bolus  1.99 1.96 1.94 

With 1.0 cm bolus  2.00 1.99 1.97 

 

 

Fig 47. Histograms that shows absorbed dose calculations by TPS per volume of structure (95%, 98% and 

99%) for the 3 single field plans: no bolus, 0.5 cm thickness bolus, 1.0 cm thickness bolus 

These results using 0.5 cm and 1.0 cm individualized 3D printed PLA boluses could be 

comparable with other author’s studies, where 3D printed boluses were used.  
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For example, according to Fujimoto K. et al. research compares the plans using 0.5cm thickness 

3D printed ABS bolus with virtual bolus and commercial bolus [60], as well as, the additional 

study in comparison of different thickness boluses (0.5 cm, 1 cm, 2 cm and 3cm) plans were 

evaluated which showed that registered differences between calculated dose with the virtual 

boluses and a measured dose with different thickness bolus (0.5 cm, 1cm, 2 cm, 3 cm) is less than 

1% at different depth (1 cm, 5 cm, 10 cm). In this study the thickness of air gaps registered reduced 

from 0.8 cm for commercially available silicone bolus to 0.2 cm between the 3D printed ABS 

bolus, this ensured efficient delivery of the dose to the target volume [61]. 

The surface volume irradiation dose with 0.5 cm and 1.0 cm boluses increased per 60%, 50% and 

48% at 95%, 98% and 99% volumes in compare with a plan without bolus (table 5). Therefore, 

using individualized 0.5 cm thickness individualized 3D printed PLA bolus the dose difference 

from the prescribed dose 2Gy vary for different volume coverage (95%, 98%, 99%) (table 6). The 

calculated absorbed dose with treatment planning system (TPS) for 95% volume (95%V) coverage 

is 1.99 Gy, the difference (diff.) is 0.01 Gy (0.5%);. for 97%V coverage calculated dose is 1.97 

Gy, diff. – 0.04 Gy (2%); for 99%V the calculated dose is 1.94, the diff. – 0.06 Gy (3%). Evaluation 

of 1 cm thickness bolus showed better results in 95%, 98 % and 99 % of structure volume coverage 

in compare with 0.5 cm bolus, but these results are not significant and difference varies from 0.5 

% to 1.5 % (table 4). So the use of investigated 3D printed boluses are really promising and with 

some additional dosimetrical measurements could be successfully used in a clinical practice, 

especially for the concaved and uneven surfaces, like shallow head and neck cancer.  

Table 6. Calculated difference between doses calculated by TPS and prescribed dose 2Gy 

A single field plan 

Difference from prescribed dose 2Gy 

95%V 97%V 99%V 

Gy % Gy % Gy % 

Without bolus  0.85 40.0 0.98 50.0 1.04 52.0 

With 0.5 cm bolus  0.01 0.5 0.04 2.0 0.06 3.0 

With 1.0 cm bolus  0.00 0.0 0.01 0.5 0.03 1.5 

Three single field plans, one without bolus, 2 others with 0.5 cm and 1.0 cm thickness boluses, 

shows, how significant could be boluses, creating a build-up dose region for high energy photons 

(6 MeV) (figure 47).  
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Fig 48. DVH for the three single field plans without bolus, with 1 cm and 0.5 cm thickness boluses   

The second step analysis of the plans was done evaluating how determined air gaps are influencing 

isodose distribution. Isodose distribution evaluation presented shows that the build-up dose are 

clearly seen while using 0.5 cm and 1 cm thickness boluses (figure 48) during irradiation 

procedure. On the single field plan without bolus the isodose shift towards the deepr localizations 

are obrevable. 

 

Fig 49. Isodose distribution at single field plan without bolus, with 0.5 cm and 1.0 cm thickness boluses 
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The isodose distribution for three single field plans are comperable to other studies as well (figure 

49) [9]. While evaluation of isodose distribution of the single field plan with boluses (superflab 

and 3D printed flat) results in build up dose on the surface, while the skin sparing effect is 

absorvable on the dose distribution evaluation of a single field plan without bolus. 

 

Fig 50. Dose distribution of the three treatment plans from the blue water phantom study [9]. A single 

plan without bolus (a), with superflab bolus (b) and with 3D printed flat bolus (c). 

Therefore, analysis of the results using 3D printed PLA boluses showed, that using 3D printed 

bolus significantly increases the surface volume dose (more than ~40 %) while due to avoided or 

minimized air gaps (up to 2 mm) in compare with a standard silicone bolus influence for the 

isodose distribution is significant, evaluating possible “treatment” outcome for uneven shallow 

surfaces. The main issue for 3D printed bolus that it has to be soft tissue equivalent. 
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Conclusions 

1. The absorbed dose measurements and isodose distribution evaluation were evaluated, using 

patient-specific phantom for the middle part of the face (eyes and nose region), imitating 

uneven surface and shallow head and neck cancer case irradiation procedure. It was found, that 

using tissue-equivalent polylactic acid (PLA) material with 90% infill ratio is possible to 

imitate soft tissues of the facial region where 3D printed HU value (-30 HU) showed a good 

agreement with soft tissues HU values on the head and neck region, which usually differs from 

-15 HU to -60 HU, while the reconstruction of different thickness (0.5 cm and 1.0 cm) 

individualized 3D printed PLA boluses showed, that with 100 % infill ratio showed, that it 

imitates more dense structures, like skull bone or upper jawbone (maxilla). Due to this reason 

for the dosimetric evaluation of the results using a 3D treatment planning system has to be 

created an additional structure of 3D printed bolus, imitating soft tissues with a lower HU 

value. 

2. It was found, that air gaps formed between individualized 0.5 cm and 1.0 cm thickness 3D 

printed PLA boluses and patient-specific phantom differed from 0.4 mm to 2.1 mm for 0.5 cm 

thickness bolus, while for 1.0 cm thickness bolus it differed from 0.6 mm to 2.2 mm. Therefore, 

using individualized 3D printed boluses for uneven surface showed, that air gaps (up to 2 mm) 

could be minimized more than twice in comparison with a standard silicone bolus (formed air 

gaps usually differ up to 10 mm). 

3. Single field treatment plans planned using the 3D treatment planning system “Eclipse” was 

used for the surface volume coverage and the isodose distribution evaluation without bolus and 

with bolus. It was found, that using 1.0 cm thickness was observed the best coverage of the 

surface volume, evaluating 95%, 98 % and 99 % (2.00 Gy, 1.99 Gy and 1.97 Gy) coverage 

from the maximum prescribed 2 Gy dose per one fraction, not so significant difference was 

also observed using 0.5 cm thickness bolus (1.99 Gy, 1.96 Gy, and 1.94 Gy respectively) while 

analysis and comparison without bolus showed more than 47 % difference from the prescribed 

2 Gy dose/ fr. (1.20 Gy for 95 % volume coverage, 1.00 Gy (98 %) and 0.96 Gy (99 %)). 

Therefore, 0.5 cm and 1.0 cm thickness individualized 3D printed PLA boluses could be 

successfully used in clinical practice while irradiation without bolus means that the target will 

be underexposed and recurrence of the disease probability will increase.  
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Appendices 

Appendix 1 – air gaps between the individualized 3D printed PLA phantom and bolus.  

Air gaps formed under the bolus decreases the surface dose respectively. The larger the air gaps, 

the less the absorbed dose on the surface is.  

 

Fig 51. Air gaps formed below the 0.5 cm thickness 3D printed PLA bolus. 

Marked air gaps between 1 cm thickness bolus 3D printed PLA individualized bolus and on the 

patient-specific 3D printed PLA phantom, which is placed on the CT head PMMA phantom.  

 

Fig 52. Air gaps formed below the 1 cm thickness 3D printed PLA bolus 


