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Abstract As head-and-neck radiotherapy treatments become more complex1

and sophisticated, and the need to control and stabilise the positioning of2

intra-oral anatomy therefore becomes more important, leading the increasing3

use of oral positioning stents during head-and-neck radiotherapy simulation4

and delivery. As an alternative to the established practice of creating oral5

positioning stents using wax, this study investigated the use of a 3D printing6

technique. An Ender 5 3D printer (Creality 3D, Shenzhen, China) was used,7

with PLA+ “food-safe” polylactic acid filament (3D Fillies, Dandenong South,8

Australia), to produce a low-density 3D printed duplicate of a conventional9

wax stent. The physical and dosimetric effects of the two stents were evaluated10

using radiochromic film in a solid head phantom that was modified to include11

flexible parts. The Varian Eclipse treatment planning system (Varian Medical12

Systems, Palo Alto, USA) was used to calculate the dose from two different13

head-and-neck treatment plans for the phantom with each of the two stents.14

Examination of the resulting four dose distributions showed that both stents15

effectively pushed sensitive oral tissues away from the treatment targets, even16

though most of the phantom was solid. Film measurements confirmed the17

accuracy of the dose calculations from the treatment planning system, despite18

the steep density gradients in the treated volume, and demonstrated that19

the 3D print could be a suitable replacement for the wax stent. This study20

demonstrated a useful method for dosimetrically testing novel oral positioning21

stents. We recommend the development of flexible phantoms for future studies.22

Keywords Radiation therapy · additive manufacture · rapid prototyping ·23

dosimetry24
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1 Introduction25

A wide range of head-and-neck cancers can be treated effectively using sophisti-26

cated radiotherapy techniques [1–6], especially when suitable patient position-27

ing and immobilisation is achieved [7–9]. In particular, the use of modulated ra-28

diotherapy techniques, such as intensity modulated radiotherapy (IMRT) and29

volumetric modulated arc therapy (VMAT or IMAT) can allow very conformal30

doses of radiation to be delivered to treatment targets, while minimising doses31

to the many surrounding sensitive organs and tissues in the head-and-neck32

region [1–3], provided that the effected tissues can be positioned reproducibly33

in relation to the radiation beams [7–11].34

The use of external immobilisation equipment (head-rests, vac-bags, ther-35

moplastic masks or shells) to achieve stable and reproducible positioning of36

the head and neck is well established [7–11]. Due to the precise patient posi-37

tioning needed to accurately deliver the complex dose distributions achievable38

using modulated radiotherapy techniques, the importance of achieving stable39

and reproducible positioning of the finer, more-mobile anatomical structures40

in this region (lips, cheeks, tongue) is increasingly being recognised [12–16].41

Customised intra-oral stents have been used to stabilise oral anatomy dur-42

ing head-and-neck radiotherapy treatments for several decades and the use of43

these devices for the purpose of improving organ-at-risk (OAR) sparing has44

been increasingly reported over recent years [12,13,15,17,18]. Verrone et al45

described a process by which a mouth-opening intra-oral stent was designed46

and fabricated by a dentist in consultation with the radiation oncology treat-47

ment team, to achieve reproducible oral positioning and improved sparing of48

teeth, hard palate and parotid glands [17]. Similar dentist-driven techniques49

have been subsequently shown to result in IMRT treatment plans that achieve50

lower dose to OARs including oral mucosa [12,17] and reduced OAR toxicities51

[13], compared to IMRT treatments planned without oral stents.52

Broad adoption of these stents has been restricted by the necessity of build-53

ing collaborations between radiation oncology and dental treatment facilities,54

the challenges of scheduling the dental appointments in coordination with ra-55

diotherapy treatment planning and with reference to the treatment start date,56

as well as the dentist chair time and laboratory time required to produce the57

stents [12,15,17]. A further potential disadvantage of stents that are rigidly58

fixed to the teeth is the declining tolerability of the stent during and towards59

the end of the radiotherapy treatment, due to oral mucositis-related pain [13].60

Simple non-dentist-dependent systems for fabricating oral stents have been61

developed within some radiotherapy facilities [19,20]. For example, Norfadilah62

et al [19] and Lee et al [20] have described the creation of patient-specific63

oral stents (called “mouthpieces” [19] or “bite blocks” [20]), by forming wax64

around cylindrical rods or tubes. The former group showed that a wax stent65

produced more reproducible oral positioning then a cylindrical tube alone66

[19]. By contrast, the latter group described a heat-cured acrylic stent that67

was moulded using the wax stent as a pattern, as a preferable alternative to68

using the wax stent directly [20]. While the production of usable oral stents69
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from wax is comparatively easy [19,20], the reported disadvantages of using70

wax for this purpose include the potential for the wax to “distort, move, come71

apart, chip away or fracture over the 6-7 week course of daily treatments” [20].72

Recently, studies have demonstrated alternative methods that minimise re-73

liance on dental services, by using 3D printing techniques to fabricate intra-oral74

stents based on anatomical data obtained within radiation oncology facilities75

[15,18]. Suitable 3D printing systems are becoming increasingly accessible,76

for radiotherapy departments, with high-quality consumer-grade 3D printers77

being purchasable for under 1000 € and a substantial range of open-source78

software packages being available at no cost. Wilke et al proposed a method79

for fabricating intra-oral stents within the radiation oncology facility, using80

3D printing techniques with designs derived from diagnostic CT data [15] and81

Liang et al have reported on the use of an external 3D printing laboratory to82

provide oral stents based on teeth impressions [18].83

Despite the growing literature on the topic of oral positioning stents for84

head-and-neck radiotherapy, no previous study has reported physical measure-85

ments of the dosimetric effects of the stents. Previous studies of oral stents have86

demonstrated their results using OAR dose-volume metrics [12,21], example87

CT images [12,16,17,21] and isodoses [12,16], as well as position reproducibil-88

ity measurements [16,18,19] and treatment outcomes data [13]. Physical mea-89

surements that evaluate or verify the dose distributions predicted by treatment90

planning system (TPS) calculations have not been reported, despite the obvi-91

ous challenge of calculating head-and-neck treatment doses accurately in the92

presence of large air volumes [22] such as those produced by intra-oral stents93

[12,17,21].94

This study investigated the use of 3D printing to replace a pre-existing95

local wax-based stent production method and thereby produce effective and96

robust oral stents for use in minimising dose to healthy tissues during modu-97

lated radiotherapy treatments of the tongue. As a proof-of-concept, a sample98

wax stent was reproduced using food-safe polylactic acid (PLA) and the suit-99

ability of the PLA stent as a substitute for the wax stent was evaluated using100

physical measurements in a humanoid phantom, using radiochromic film. In101

addition to providing an assessment of the 3D printed stent, this study aimed102

to demonstrate a useful measurement method by which different stent designs103

and materials might be evaluated in the future.104

2 Method105

2.1 Design and fabrication of oral positioning stents106

Two sample oral positioning stents were fabricated for evaluation and com-107

parison in this study. One stent was constructed mostly from wax, similar to108

the wax stent constructed around a cylindrical tube by Lee et al [19] and the109

other was constructed via a 3D printing method.110
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Fig. 1 Illustrations of oral positioning stents: (a) photograph of wax stent, (b) photograph
of 3D printed stent, (c) transverse slice through CT image of wax stent, and (d) transverse
slice through CT image of 3D printed stent.

The “wax” oral positioning stent (shown in figure 1(a)) was created manu-111

ally, according to our local departmental protocol. A plastic tongue depressor112

was placed along the side of a plastic syringe barrel and held in place using113

warm wax. The syringe barrel was left open at both ends, allowing use as a114

breathing hole. Additional warm wax was added to the mouthpiece, to form115

cheek-displacing lateral wings and to achieve sufficient thickness on the ante-116

rior side of the stent to allow tooth impressions to be made, for the purpose117

of reproducible setup. The bulk of the stent was designed to sit behind the118

front teeth (which would be closed on the barrel of the stent), on the tongue,119

tongue-depressor side down, with the wings extending over the lower premo-120

lars/molars.121

This arrangement was intended, like many oral positioning stents used122

locally, to simultanously separate the mandible from the maxilla, push the123

tongue inferiorly, away from the hard and soft palate, and push the buccal124

mucosa laterally, away from the tongue. The specific materials used (syringe125

barrel, tongue depressor and wax) were chosen in order to produce a compar-126

atively low-density stent, which would have minimal perturbation or bolusing127

effects on the radiation beam, and which would also be comfortable, repro-128

ducible and robust enough for daily use over a period of several weeks. The129

clinical motivation for the stent design was the desire to achieve a curative radi-130

ation dose to be delivered to the tongue, while maximally sparing surrounding131

sensitive tissues.132

In order to produce a 3D printed oral positioning stent that could be di-133

rectly compared against the wax stent, the wax stent was used as the model134

for fabricating the 3D printed stent. The wax stent was CT scanned using a135

Siemens Somatom Confidence scanner (Siemens AG, Erlangen, Germany) us-136

ing a tube voltage of 120 kV. To maximise the geometric resolution of the CT137

scan, a the field of view was reduced as much as possible and a slice thickness138

of 0.5 mm was used. The resulting CT image was imported into open-source139

3DSlicer software [23], where the surface of the wax stent was segmented and140

then exported as a stereolithography file (STL) for further processing using141

free MeshMixer software (Autodesk Inc, San Rafael, USA). In MeshMixer, the142

STL file was smoothed (smothing factor 5) and repaired, to ensure that there143

were no gaps or non-manifold meshes in the structures, as described previously144
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[24]. The processed STL file was then prepared for 3D printing (converted into145

gcode) using Cura (Ultimaker BV, Geldermalsen, Netherlands).146

The stent was 3D printed using an inexpensive consumer-grade Ender 5 3D147

printer (Creality 3D, Shenzhen, China), using a specific type of polylactic acid148

(PLA) based filament called PLA+ (3D Fillies, Dandenong South, Australia).149

PLA+ complies with the Australian Standard for plastics in contact with food150

[25] and is expected to be safe for oral use for a single patient, with sufficient151

cleaning or sterilisation between uses, although additional waterproofing or152

vapour smoothing were not investigated in this study.153

The stent was printed with 0.8 mm total external wall thickness, 0.2 mm154

layer height, and 10% in-fill using a gyroid pattern. These settings were se-155

lected to achieve a minimum-density print, with sufficient surface smoothness156

to be comfortable for patient use and sufficient internal structure to be me-157

chanically robust. The gyroid pattern was chosen (rather than one of the more158

commonly used grid patterns) to minimise the weight of plastic in the print159

while achieving a strong and isotropic internal geometry [26].160

2.2 Quality assurance of oral positioning stents161

After fabrication, both oral positioning stents were evaluated using visual in-162

spection, to establish that neither stent was cracked, chipped or otherwise163

damaged, to verify that the breathing holes through the centre of the stents164

were clear from obstruction and to identify apparent external similarities and165

differences between the two stents. Tactile inspection was used to verify that166

both stents were smooth enough for use in contact with oral tissues which167

may be sensitive due to malignancy and can become increasingly sensitive168

after the commencement of radiotherapy [13]. Attempts were also made to169

manually compress, bend or break both oral positioning stents. These tests170

were repeated again after all other aspects of this study were completed.171

A quantitative assessment of the geometric fidelity of the 3D printed stent172

was completed using an in-house 3D print quality assurance process which173

has been described previously [24,27,28]. Briefly, the 3D printed stent was174

placed on a low-density support (balsa wood block) and CT scanned using175

the same scanner and the same high-resolution scanning parameters as used176

for the wax stent (see previous section) and our in-house code was used to177

convert the resulting image into a STL file suitable for completing a Hausdorff178

distance comparison against the wax stent STL file upon which the 3D print179

was based, using Meshlab software [29,30].180

As part of our local 3D print quality assurance process, a differential his-181

togram of all of the Hounsfield Unit (HU) values in the CT scan of the 3D182

printed stent was also produced, using the in-house software [24,27,28]. For183

comparison, a differential HU histogram was also produced, using the CT scan184

of the wax mouthpiece.185
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2.3 Dosimetry phantom construction186

Fig. 2 Diagrams of modified head-and-neck phantom showing oral stent (grey), bolus (yel-
low), wax (red) and radiochromic film (orange), located in and around the phantom slices
(brown): (a) isometric view; (b) exploded isometric view showing individual components;
(c) transverse view through mouth; and (d) side view.

In order to evaluate the dosimetric effects of the two oral positioning stents187

without testing on a radiotherapy patient, it was necessary to construct a phan-188

tom with approximately realistic head-and-neck geometry and density, with189

an openable mouth and flexible (displaceable) cheeks. For this purpose, the190

head-and-neck section from a RANDO Average Man phantom (1974 model)191

[31] was modified as described below and shown in figures 2(a) to (d).192

The 1974 RANDO Average Man phantom contains a human skeleton em-193

bedded in water-equivalent plastic with relevant air gaps (eg. oral cavity, tra-194

chea, sinuses) as well as other tissue-equivalent materials that were not used in195
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this study (eg. lung) [31]. The phantom is divided into 2.5 cm thick transverse196

slices, originally designed to accommodate thermoluminescent dosimeters [31].197

To achieve an open mouthed position, two phantom slices at mouth level198

were wedged open using 3.5 cm long wax wedges (density approx 0.9 g/cm3).199

Initially, tape was wrapped around the head to support the open-mouth po-200

sition. To ensure stability of the position throughout the study, the phantom201

was placed on a headrest and a thermoplastic shell was moulded around the202

posterior and lateral sides of the head. Flexible “cheeks” were created using203

4 × 2 × 2 cm3 blocks of gel bolus, with the aim of achieving contact with the204

lateral edges of the wings on each stent. Finally, the outer cheeks and upper lip205

were modelled by wrapping a 0.5 cm thick sheet of Super-Flex bolus (density206

1.03 g/cm3 ) over the open mouth, over the nose and forehead and down the207

sides of the face.208

During CT scanning and treatment delivery, each oral stent was positioned209

inside the mouth and secured using tape extending around the mouthpiece and210

down towards the lateral sides of the chin. Reproducibility of this positioning211

was achieved with reference to a marked position on the lower side of the212

phantom’s mouth. The positioning of radiochromic film around the stents (as213

suggested by figures 2(b) and (c)) is described in the next section.214

2.4 Simulation and treatment planning215

In order to evaluate the suitability of the oral positioning stents in terms216

of density and effects on surrounding simulated tissues, the modified head-217

and-neck phantom described in the previous section was CT scanned once218

with each of the two stents in place The CT scans were then used to inspect219

the density of the stents in relation to surrounding anatomy and observe any220

displacement of the flexible bolus cheeks before also being used in the planning221

of two different tongue radiotherapy treatments with each oral positioning222

stent (four treatments total).223

CT scanning was performed using the same CT scanner at the same tube224

voltage as used to separately scan the two stents for 3D print design and quality225

assurance (described in previous sections). For these scans, however, the high-226

resolution settings (small field of view, 0.5 mm slice thickness) were replaced227

by a standard head-and-neck scanning protocol, with 40 cm field of view and228

2 mm slice thickness, to replicate a conventional radiotherapy simulation scan.229

These scans were imported into the Varian Eclipse treatment planning system230

(Varian Medical Systems, Palo Alto, USA), version 13.7 [32], for treatment231

planning.232

Two sample head-and-neck volumetric arc radiotherapy (VMAT) treat-233

ment plans were selected for use in this study as broadly indicative of the234

range of dose distributions used to treat tongue primaries; one treatment was235

planned for a primary only using two 160 degree VMAT arcs (avoiding poste-236

rior anatomy), and the other treatment was planned as a simultaneous inte-237

grated boost to primary plus nodes using two 360 degree VMAT arcs.238
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Treatment planning for this study consisted of copying each of the two239

sample treatment plans onto each of the two CTs of the head phantom and240

iteratively recalculating dose and adjusting the isocentre position, to achieve241

approximately realistic positioning of the high-dose region to cover the tongue242

and underlying muscles. All dose calculations used the Eclipse AAA algorithm243

and all treatments were planned for delivery using a nominal 6 MV photon244

beam from a Varian iX linac.245

This method produced four different treatment plans: a tongue-only treat-246

ment planned for the phantom with the wax stent, a tongue-only treatment247

planned for the phantom with the 3D printed stent, a tongue-plus-nodes treat-248

ment planned for the phantom with the wax stent, and a tongue-plus-nodes249

treatment planned for the phantom with the 3D printed stent. Care was taken250

to ensure that two tongue-only treatments with the two different stents used251

the same isocentre as each other and the two tongue-plus-nodes treatments252

with the two different stents used the same isocentre as each other, to allow253

reliable comparison of the effects of the different stents.254

2.5 Treatment delivery and measurement255

Due to the potential confounding effects on the TPS dose calculations caused256

by the steep density gradients within the treated volumes of the phantom,257

radiochromic film measurements were used to verify the apparent effects of258

the different oral positioning stents on the dose to the target as well as the259

sensitive structures positioned by the stents.260

To perform these measurements, each of the four treatments (described in261

the previous section) was delivered as planned, with the phantom set up to each262

planned isocentre position, on a Varian iX linac. The entire phantom setup263

remained constant from simulation through to measurement, with no parts264

disassembled at any time, except for the exchanging of the two different oral265

positioning stents and the adding and removal of small pieces of radiochromic266

film.267

The film used was Gafchromic EBT3 film (Ashland Inc, Covington, USA),268

which has previously been established for measuring dose on surfaces (air-269

tissue interfaces) [33–36], including dose on surfaces of large internal air vol-270

umes [33].271

For each treatment, four small (2.5×2.5 cm2) pieces of film were placed272

inside the phantom’s constructed oral cavity, at key measurement locations273

adjacent to the oral stent: on the top of the tongue (on the treatment target,274

directly inferior of the oral stent), on the roof of the mouth (measuring dose275

to the hard palate OAR, superior of the oral stent), inside the left and right276

cheeks (measuring dose to the left and right buccal mucosa OARs, directly277

between the ends of the lateral wings of the stent and the cheek surfaces).278

The film was handled, calibrated and analysed using an established method279

for performing accurate dosimetry measurements using Gafchromic EBT2 and280

EBT3 film [36–40], including: scanning film before and after irradiation to cal-281
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culate pixelwise net optical densities; making sure all film pieces were scanned282

at the same orientation; keeping all measurement films and calibration films283

together in (a light-tight box) to maintain the same thermal history; and284

performing the calibration irradiations within an hour of the measurement285

irradiations so that when the film was scanned approximately 20 hours after286

irradiation, the effects of different film development times were minimised.287

The film was calibrated by delivering 14 different known doses ranging from288

0 cGy to 344 cGy to 14 small (2.5×4.0 cm2) pieces of film from the same sheet289

as the pieces used for the measurements. Since the mock prescription was 200290

cGy per fraction, for both treatment plans, and the measurement involved291

the delivery of one fraction of each treatment to the various measurement292

films, the calibration range was selected to produce a calibration curve that293

greatly exceeded the maximum expected dose at the surface of the target,294

while including low-dose values suitable for accurately measuring out-of-field295

dose at the cheeks and palate.296

3 Results297

3.1 Oral positioning stent fabrication and quality assurance298

Construction of the wax stent was completed in less than thirty minutes, in-299

cluding softening the wax in warm water, forming the stent, and then allowing300

ten minutes for the wax to cool and set. The 3D printed mouthpiece was suc-301

cessfully fabricated in 3 hours and 40 minutes, with the longest dimension302

standing vertical, for easy construction of the breathing hole and for achieving303

a successful print with a minimal area requiring support structures. Visual304

examination showed that both stents were complete and apparently identical305

(see figures 1(a) and (b)), with no obvious damage and no obstruction of the306

breathing aperture. Thorough tactile inspection showed that both stents were307

smooth, although the two stents had rows of alignment bumps on the central308

barrel surface that, if used in a patient treatment, would only be in contact309

with the teeth.310

Initial attempts to manually manipulate the two stents showed that they311

were both sufficiently rigid and robust for use in this study. The wax stent was312

judged to meet our local quality standard for commencing treatment. More313

vigorous attempts to damage both stents after the experimental aspects of314

this study were completed resulted in no damage to the 3D printed stent,315

whereas the wax stent was easily dented using fingernail-pressure, deformed316

by biting and cracked by a drop onto linoleum-covered concrete floor from a317

height of 100 cm. The crack was sufficient to suggest that the wax stent could318

be destroyed by further attempts at bending, so the manual examination was319

stopped at this point, rather than taking this comparatively-unrealistic step.320

The Hausdorff distance comparison component of our local 3D print qual-321

ity assurance programme [24,27,28], shown in figure 3(a), indicated that a322
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Fig. 3 (a) Visual representation of Hausdorff distance comparison with agreement within 1
mm showing as green and disagreement greater than 1 mm showing as red. (b) Differential
histograms of HU values within the CT scans of wax and 3D printed stents in figures 1(c)
and (d). Vertical dotted line indicates HU = 0.

majority of the external surface of the 3D printed stent matched the external323

surface of the wax mouthpiece on which it was based within 0.2 to 0.3 mm.324

Figure 3(b) shows the differential histogram comparison of the two oral325

positioning stents. The wax mouthpiece results showed a large peak at ap-326

proximately 100 HU and a long low-density tail, suggesting an approximate327

wax density of 0.9 g/cm3, with small air gaps within the mouthpiece and vol-328

ume averaging at the surface. The PLA mouthpiece showed a substantial peak329

at approximately 1000 HU and no peak near 0 HU, possibly due to the inter-330

nal volume being largely composed of air (within the gyroid mesh, see figure331

1(d)) and volume averaging on both sides of the print’s internal and external332

walls. This result suggested that the 3D printed stent would be suitable for333

its intended use in supporting oral anatomy with minimal perturbation of the334

radiation dose delivered during the treatment.335

3.2 Effects of oral positioning stent on planned dose distribution336

Figures 4(a) to (d) show the dose distributions calculated by the treatment337

planning system for the tongue-plus-nodes treatment plan ((a) and (b)) and338

the tongue-only treatment plan ((c) and (d)), when the oral positioning stent339

used in the phantom was constructed using wax ((a) and (c)) and 3D printed340

from food-safe PLA+ ((b) and (d)).341

Sagittal isodose distributions for both cases (figures 4(a) to (d)) show minor342

differences between the dose distributions calculated with the wax stent and343

the 3D printed stent in terms of the dose within, or on the anterior, posterior344

or inferior sides of the targeted tongue and underlying muscle.345

For the tongue-only treatment, small differences are apparent in figures346

4(c) and (d) between the level of low-dose spillage in the oral cavity, superior347

of the target (e.g. compare the shapes of the light-blue 10% isodose lines in348

these figures), with the 3D printed stent permitting slightly more transmission349

of this low, out-of-field dose.350

As an indication of the effects of the oral stents on the positioning and351

out-of-field dose to the buccal mucosa, figures 5(a) to (d) show the planned352
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Fig. 4 Planned dose distributions (sagittal plane): (a) primary-plus-nodes treatment with
wax stent, (b) primary-plus-nodes treatment with 3D printed stent, (c) primary-only treat-
ment with wax stent, (d) primary-only treatment with 3D printed stent.

Fig. 5 Planned dose distributions (sagittal plane): (a) primary-plus-nodes treatment with
wax stent, (b) primary-plus-nodes treatment with 3D printed stent, (c) primary-only treat-
ment with wax stent, (d) primary-only treatment with 3D printed stent. The left- and right-
hand sides of the phantom for all images are the same as labelled in (a). Arrows indicate
features of interest, described in the text.

dose distributions in transverse planes through the open mouth, located 1.0353

cm superior of the mandibular section of the phantom.354

Although not clearly apparent in the CT slices shown in figures 5(a) to355

(d), contact between the oral positioning stents and the bolus “cheeks” was356

visible when scrolling through all CT volume images, confirming that both357

stents pushed the cheeks laterally, away from the primary target.358

Comparison of the low-dose isodoses in figures 5(a) and (b) suggests that359

the 3D printed mouthpiece had a minimal effect on the dose to the left buccal360
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mucosa, but slightly increased the 20% isodose coverage of the right buccal361

mucosa (indicated by arrows in the figure).362

The area of the 10% isodose in figure 5(c), where the stent was made from363

wax, was similarly smaller than the area of the 10% isodose in figure 5(d),364

where the stent was 3D printed. This is highlighted by the the arrow in figure365

5(c), which indicates a region of increased attenuation due to the wax having366

a much higher density than the surrounding air, and the arrow in figure 5(d),367

which indicates the much closer approach between the 20% isodose line and368

the left buccal mucosa. Note, however, that the isodoses shown both in both369

of these figures only cover parts of the stents and intervening air inside the370

open mouth, and not any relevant phantom anatomy.371

3.3 Verification of dosimetric effects of oral positioning stent372

Fig. 6 TPS longitudinal dose profile vs film point dose measurements: (a) primary-plus-
nodes treatment with wax stent, (b) primary-plus-nodes treatment with 3D printed stent,
(c) primary-only treatment with wax stent, (d) primary-only treatment with 3D printed
stent. Inset in (a) shows TPS profile location (yellow line) and film measurement locations
(red dots) for all four results. Superior and inferior directions of all four profiles are the same
as labelled in (a).

Figures 6(a) to (d) show the point doses measured using film on the sur-373

face of the hard palate and the top of the tongue, overlying the corresponding374

longitudinal dose profiles from the treatment planning system, for both treat-375

ment plans and both oral positioning stents. The planned dose profiles extend376

superiorly through the centre of the targeted tongue in the mandibular sec-377

tion of the phantom, across the oral cavity and into the maxillar section of the378

phantom (see inset in figure 6(a)). The film dose points were measured on the379

top of the tongue and on the hard palate, so that the film dose measurement380
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points shown on each of the graphs in figure 6(a) to (d) indicate the vertical381

extent of the gap between mandibular and maxillar sections of the phantom.382

For both treatment plans, and both stents, the dose profiles in figures383

6(a) to (d) clearly show the high dose throughout the targeted tongue (on384

the inferior side of each profile) and the dose falloff at the mandibular edge385

of the oral cavity. This dose falloff is slightly less steep for the primary-only386

treatment plan with the 3D printed stent in figure 6(b) than for the primary-387

only treatment plan with the wax stent in figure 6(d).388

Examination of data in figures 6(a) to (d) shows that the planned and389

measured dose at the surface of the hard palate, for both treatment plans390

and both stents, achieved the goal of minimising dose to the hard palate with391

a > 90% decrease in dose from the surface of the tongue to the surface of392

the hard palate. Evidently, both the wax stent and the 3D printed stent were393

successful in keeping the mouth open and displacing the hard palate from the394

intermediate dose region immediately superior of the tongue.395

Fig. 7 TPS lateral dose profile vs film point dose measurements: (a) primary-plus-nodes
treatment with wax stent, (b) primary-plus-nodes treatment with 3D printed stent, (c)
primary-only treatment with wax stent, (d) primary-only treatment with 3D printed stent.
Inset in (a) shows TPS profile location (yellow line) and film measurement locations (red
dots) for all four results. Left and right directions of all four profiles are the same as labelled
in (a).

Figures 7(a) to (d) show the point doses measured using film on the surface396

of the hard palate and the top of the tongue, overlying the corresponding397

lateral dose profiles from the treatment planning system, for both treatment398

plans and both oral positioning stents. In these figures, the dose profiles extend399

laterally through the oral cavity, superior of the treated tongue, and the film400

does measurement points are located on the inner surfaces of the phantom’s401

thick bolus “cheeks”.402
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All profiles shown in figures 7(a) to (d) show a central elevated dose, due403

to the proximity of the targeted tongue, with lower doses to the right and left.404

Some added complexity is apparent in the results for the primary-plus-nodes405

treatments (figures 7(a) and (b)) due to the planned intermediate dose to the406

jugular nodes. The film dose points show the locations of the buccal mucosa407

surfaces, which have been pushed into lower dose regions lateral to the tongue.408

The film measurement results also generally confirm the treatment planning409

system’s calculations of the doses in these regions, with the exception of the410

primary-plus nodes treatment with the wax mouthpiece (figure 7(a)), where an411

inconsistency at the right buccal mucosa may have resulted from an unintended412

displacement of the film within the phantom.413

Fig. 8 Dose at “tissue” surfaces adjacent to features of the oral positioning stent, for (a)
the primary-plus-nodes treatment plan and the (b) the primary-only treatment plan.

Figures 8(a) and (b) summarise the film measurement results and provide414

a direct comparison of the effects of the two different oral positioning stents.415

These figures show that generally each pair of film measurements, for the two416

different oral positioning stents, agreed with each other within uncertainties.417

The only exception was the right cheek for the primary-plus-nodes treatment418

plan (shown in figure 8(a)), where the film measurement adjacent to the wax419

stent was unusually low (compared to both the planned dose and the results420

for the 3D printed stent, see figures 7(a) and (b)).421

The agreement between each pair of dose measurements at the hard palate,422

buccal mucosa (cheek) and tongue surfaces suggests that the dose differences423

predicted by the treatment planning system throughout the open mouth (due424

to the different the stent materials, see figures 5(c) and (d) and figures 5(a) to425

(d)) had minimal effect on the doses delivered to surrounding tissues.426

4 Discussion427

This study evaluated the use of 3D printed oral positioning stent as a potential428

replacement for the use of wax positioning stents that have been described pre-429

viously [19,20] and are used locally, in our radiotherapy department. Whereas430

previous investigations of the use of oral positioning stents for head-and-neck431

radiotherapy treatments have reported results using CT images and planned432

dose calculations for human patients [12,16,17,21], this study used a modi-433

fied head phantom to perform physical dose measurements to investigate the434
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accuracy of treatment planning system dose calculations for sensitive tissues435

adjacent to the stents.436

The use of a phantom, rather than a human patient or volunteer, was437

clearly the major limitation of this study. Although modified using gel boluses,438

the phantom was unable to replicate the flexibility and elasticity of important439

oral structures such as the cheeks and the tongue. For example, results shown440

in figures 6(a) to (d) suggest the potential for the oral positioning stents to441

depress the tongue down and away from the sensitive tissues of the hard and442

soft palate, but this could not be demonstrated practically due to phantom443

not having either a flexible tongue or a space where a flexible (eg. gel) tongue444

could be placed.445

A further limitation was the inherently limited reproducibility of the spe-446

cific phantom used, and especially its inaccessible teeth (embedded in plastic).447

For a standard patient treatment, the wax stent can be formed to fit the teeth448

to achieve reproducible positioning, similar to a bite block. A more sophis-449

ticated, purpose built phantom with accessible teeth, a movable tongue, and450

the ability to open and close the jaw would be an ideal solution. 3D printing451

is a potential method for the development of this ideal phantom solution in452

the future.453

The use of the modified RANDO phantom for this work, however, had454

the key advantages of allowing CT imaging and VMAT treatments to be re-455

peated, with different stents in the same setup, and allowing radiochromic456

film measurements of dose inside the mouth to be performed within minimal457

uncertainty.458

The restriction of this study to two treatment plans for one anatomical459

site was an additional limitation of this study. Tongue treatments were chosen460

as the focus of this study due to the long-established role or oral positioning461

stents in treatments of the tongue, in particular [21]. Two tongue different462

treatment plans, one including a simultaneous integrated boost to nodes and463

the other treating the primary only, were used to provide an indication of464

the range of out-of-field dose distributions that might be encountered when465

using oral positioning stents. However, further studies with different treatment466

sites and dose distributions are advisable, as part of any 3D printed oral stent467

adoption process.468

The major difference between the primary-plus-nodes treatment plan and469

the primary-only treatment plan used in this study is most obvious when470

comparing the transverse planes in figures 5(a) and (c) or figures 5 (b) and (d).471

Whereas the primary-only treatment in figures 5(c) and (d) shows a localised472

region of comparatively low-dose spillage from the primary target into the473

open mouth, the primary-plus-nodes treatment (figures 5(a) and (b)) includes474

large areas of intermediate dose located laterally and posteriorly of the primary475

target, intended to cover the jugular nodes.476

Another subtler difference between the results for the two different treat-477

ment plans is the comparatively increased low-dose spillage into oral cavity,478

for primary-only treatment, when the 3D printed stent is used. The effect was479

not apparent in the results for the primary-plus-nodes treatment plan, where480
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the dose throughout the oral cavity was generally higher due to planned dose481

to adjacent node regions.482

For the primary-only treatment plan, the isodose distributions in figures483

4(d) and 5(d) both show increased an increased coverage by the 10% isodose484

within the oral cavity, superior to the tongue, which is also apparent in the485

shallower gradient of the dose falloff shown in figure 6(d) compared to figure486

6(d). The increased volume of low out-of-field dose spillage seen when the487

primary-only treatment was applied to the phantom with the 3D printed stent488

can be attributed to the reduced attenuation (reduced beam perturbation)489

through the low-density 3D printed stent, compared to the wax. In this case,490

figures 4(d) and 6(d) also show that the effects of this reduced perturbation491

were localised close to the mandibular edge of the oral cavity, with minimal492

effects on the dose to the hard palate.493

This effect, keeping the sensitive hard palate away from the high dose494

delivered to the tongue, while simultaneously pushing the buccal mucosa out of495

the intermediate dose region in the oral cavity, was apparent for both treatment496

plans (despite the differences described above) and both oral positioning stents497

(despite their internal differences in density and structure, shown in figures498

1(c) and (d)). A collation of results from the film measurements and planned499

dose profiles demonstrated the cheek displacement and mouth opening ability500

of both stents. Data in figures 7(a) to (d) and figures 6(a) to (d)) show that501

the film measurement results were generally in agreement with the planned502

doses at the corresponding points, in challenging density-interface regions on503

the tongue, palate, and buccal mucosa surfaces.504

The agreement between the doses measured at the surface of the tongue and505

OARs for the two different oral positioning stents, shown for the primary-plus-506

nodes treatment in figure 8(a) and for the primary-only treatment in figure507

8(b), suggests that the change of stent material and density had no detrimental508

effect on the dose to target or the sparing of the OARs, from either treatment509

plan. The additional, non-dosimetric testing of the two oral positioning stents,510

which included visual and tactile inspection and manual manipulation, as well511

as routine 3D print quality assurance, indicated that the 3D print accurately512

replicated the external geometry of the wax stent, including a suitably smooth513

surface for clinical use. These tests also showed that the 3D printed stent was514

physically more robust than the wax stent, despite having a lower internal515

density.516

The stability and reproducibility of the oral positioning stent are essential,517

if the stent is to be used for accurate and safe radiation treatment delivery. The518

results of the physical testing of the two stents suggested that the robustness519

of food safe PLA+ was superior to wax. In local clinical use, wax stents have520

been observed to lose integrity with repeated use over the course of treatment,521

leading to pieces of wax detaching and potentially becoming hazardous to522

supine patients due to the risk of choking.523

Overall, the results of this study suggest that 3D printed oral positioning524

stents can be designed to be more physically robust while having reduced525

effects on the radiation treatment beam, compared to the wax stents that526
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they are intended to replace. These effects are dependent on the infill density527

of each print. For example, in this study the goal was to achieve minimal528

beam perturbation, but it should also be possible to optimise infill density529

to replicate the attenuation effects caused by wax, or achieve other deliberate530

beam perturbations (such as shielding [41]) if desired. Future work in this area531

could also involve investigations into pre-printed modular systems, to minimise532

the number or duration of patient appointments for stent preparation.533

5 Conclusion534

This study confirmed the potential utility of using 3D printed oral positioning535

stents to facilitate the accurate and reproducible delivery of head-and-neck536

radiotherapy treatments. Treatment plan dose calculations and film measure-537

ments demonstrated that a 3D printed stent was able to achieve the same538

degree of displacement of OAR tissue away from the intermediate dose region,539

and therefore achieve the same reduced doses to relevant OARs, as a wax540

stent. The film measurements also showed negligible effect on the dose to the541

target (tongue) when a wax stent was substituted for a 3D printed stent.542

The results of this study suggest that the adoption of a 3D printing pro-543

cess for stent fabrication has the potential to achieve stable and reproducible544

positioning of the cheeks, lips and tongue during head-and-neck radiotherapy,545

while also eliminating the hazards posed by wax stents losing their physical546

integrity.547

Further work in this area could involve investigations of the use of 3D548

printed stents for treatments of other targets in the head-and-neck region,549

or investigations of alternative 3D printing materials and designs, including550

pre-printed modular systems.551

The dosimetric investigation methods, including film dosimetry measure-552

ments, demonstrated in this study are expected to enable future investigations553

into different applications, designs or materials for 3D printed oral positioning554

stents with minimal need for patient testing, especially if more sophisticated555

phantoms (with appropriately flexible oral structures) can also be fabricated556

using 3D printing or other techniques.557
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