
An integrated endotracheal brachytherapy system:
engineering validation and dosimetric advantages

Jerome Jean-Joseph, Christoph Westerhausen, Florian Gerheuser, Tilman
Janzen, Georg Stueben, Maria Neu, Nikolaos Balagiannis

Angaben zur Veröffentlichung / Publication details:

Jean-Joseph, Jerome, Christoph Westerhausen, Florian Gerheuser, Tilman Janzen, Georg
Stueben, Maria Neu, and Nikolaos Balagiannis. 2026. “An integrated endotracheal
brachytherapy system: engineering validation and dosimetric advantages.” Brachytherapy
25 (3): 455–64. https://doi.org/10.1016/j.brachy.2025.10.003.

Nutzungsbedingungen / Terms of use:

Dieses Dokument wird unter folgenden Bedingungen zur Verfügung gestellt: / This document is made available under these conditions:
CC-BY 4.0: Creative Commons: Namensnennung
Weitere Informationen finden Sie unter: / For more information see:
https://creativecommons.org/licenses/by/4.0/deed.de

CC BY 4.0

https://doi.org/10.1016/j.brachy.2025.10.003
https://creativecommons.org/licenses/by/4.0/deed.de


Brachytherapy 25 (2026) 455–464 

Original Article 

An integrated endotracheal brachytherapy system: Engineering 

validation and dosimetric advantages 

Jerome Jean-Joseph 

1 , ∗, Christoph Westerhausen 

2 , Florian Gerheuser 3 , Tilman Janzen 

1 , 
Georg Stueben 

4 , 5 , 6 , 7 , Maria Neu 

4 , 5 , 6 , 7 , Nikolaos Balagiannis 

4 , 5 , 6 , 7 

1 Medical Physics Department, Augsburg University Hospital, Augsburg, Germany 
2 Physiology, Institute of Theoretical Medicine, University of Augsburg, Augsburg, Germany 

3 Department of Anesthesiology and Surgical Intensive Care Medicine, Augsburg University Hospital, Augsburg, Germany 
4 Radiotherapy Department, Faculty of Medicine, University of Augsburg, Augsburg, Germany 

5 Comprehensive Cancer Center Augsburg (CCCA), Faculty of Medicine, University of Augsburg, Augsburg, Germany 
6 Comprehensive Cancer Center Alliance WERA (CCC WERA), Augsburg, Germany 

7 Bavarian Cancer Research Center (BZKF), Augsburg, Germany 

ABSTRACT PURPOSE: Conventional bronchial and esophageal applicators, such as the Bonvoisin–Gérard 
applicator (BGA), are not optimal for tracheal brachytherapy due to uncontrolled positioning. 
We developed the multichannel tracheal applicator (MTA), a single-use, patient-adapted device 
designed for integration within standard endotracheal tubes (ETT), offering gravity-independent 
geometry, customizable dose delivery, and validated ventilation compatibility. The intended clinical 
applications include recurrent granulation tissue at stent margins and primary tracheal carcinomas. 
METHODS AND MATERIALS: The study comprised three components: (1) anatomical mod- 
eling and device design based on Computed Tomography (CT) datasets from 25 patients; (2) val- 
idation of ventilation performance and positional stability using Computer-Aided Design (CAD) 
computational fluid dynamics (CFD) simulations and bench experiments under controlled ventila- 
tion and vibration; and (3) dosimetric evaluation with phantom radiochromic film measurements 
and treatment planning comparisons between MTA and BGA. 
RESULTS: Airflow resistance modeling of MTA within the endotracheal tubes (ETT) showed 
close agreement with experimental data, with peak inspiratory pressure (PIP) differences < 2% 

and values remaining within clinical safety limits up to 500 mL TV. Simulated motion testing 
confirmed positional stability ( < 0.5 mm displacement). Dosimetric evaluation demonstrated 99% 

agreement between measured and planned dose distributions. Compared to BGA, MTA demon- 
strated improved conformity and better sparing of organs at risk (OAR). 
CONCLUSION: MTA overcomes key geometric and stability limitations of conventional 
applicators by enabling precise, customizable dose delivery in the trachea while preserving physi- 
ological ventilation under standard conditions. Its validated airflow resistance, positional stability, 
and dosimetric superiority establish strong proof-of-concept evidence. The validated engineering 
performance and superior dosimetric characteristics justify progression to early-phase clinical 
trials to evaluate safety, feasibility, and therapeutic efficacy compared to conventional approaches. 
© 2025 The Authors. Published by Elsevier Inc. on behalf of American Brachytherapy Society. 
This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ) 
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Purpose 

Recurrent granulation tissue at tracheal stent margins 
( Fig. 1 A) causes airway obstruction in 7.9% of patients 
with malignant central airway obstruction ( 1 ), often requir- 
ing interventions like laser ablation, cryotherapy, or dila- 
tion, increasing morbidity ( 2 ). Early-stage tracheal carci- 
nomas (T0–T1), such as squamous cell or adenoid cystic 
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Fig. 1. Clinical rationale and limitations of single-channel tracheal 
brachytherapy. (A) Bronchoscopic view of granulation tissue at tracheal 
stent. (B) Sagittal CT demonstrating dosimetric limitations of single- 
channel design: the 100% isodose line (yellow) fails to encompass the 
complete target volume (red), with particular underdosage in superior 
and lateral regions, while simultaneously overdosing posterior tracheal 
wall and adjacent OAR. 

carcinoma, are rare, aggressive tumors in the proximal tra- 
chea ( 3 ). Per the AJCC 8th edition ( 4 ), T0 indicates car- 
cinoma in situ, and T1 denotes tumors ≤2 cm confined to 

the tracheal mucosa or submucosa, making them ideal for 
high-dose-rate (HDR) brachytherapy. 

HDR brachytherapy shows promise for tracheal malig- 
nancies and granulation tissue ( 5 , 6 ), but conventional en- 
dobronchial applicators are suboptimal for tracheal granu- 
lation or asymmetric carcinomas. 

The single-channel applicator developed by Fritz et al. 
( 5 ) represents a significant advancement over earlier de- 
signs by incorporating a centering mechanism to posi- 
tion the radioactive source at the geometric center of the 
bronchial lumen, thereby reducing the dose heterogene- 
ity observed with noncentered catheters. As detailed in 

the GEC-ESTRO handbook ( 6 ), this approach effectively 

addresses symmetric bronchial lesions by ensuring uni- 
form radial dose distribution. However, this single-channel 
design has inherent limitations when applied to tracheal 
pathologies, particularly asymmetric lesions or granulation 

tissue with irregular morphology. The fixed single-source 
geometry often results in overdosing of the posterior tra- 
cheal wall while underdosing superior and lateral regions 
( Fig. 1 B), increasing toxicity risks to normal tissues while 
potentially compromising tumor control. 

The tracheal wall, with 1.2 mm thick cartilage rings and 

membranous intervals, presents geometric challenges for 
dose delivery, requiring precise targeting to avoid stenosis 
or fistula. Balloon-based applicators, used in esophageal 
brachytherapy, are contraindicated in the trachea due to 

airway obstruction risks, especially in ventilated patients. 
Innovative applicator designs are needed to ensure airway 

patency and dose conformity for both symmetric and asym- 
metric tracheal lesions. 

Methods and materials 

This study comprised three integrated components: (1) 
anatomical modeling and device design optimization based 

on clinical CT datasets from 25 patients; (2) computational 

Fig. 2. Anatomical assessment guiding ETT selection (A, B): 3D tracheal 
reconstructions—full (A) and cross-sectional (B) views; (C): gender dis- 
tribution; (D): distribution of minimum tracheal diameters. 

and experimental validation of ventilation performance and 

mechanical stability under physiological conditions and (3) 
dosimetric evaluation using phantom-based measurements 
and comparative treatment planning analysis. 

For dosimetric evaluation, target volumes were defined 

based on clinical data from our cohort, where granula- 
tion tissue represented the predominant indication (85% of 
cases) compared to early-stage tracheal carcinomas (T0- 
T1). Quantitative analysis revealed granulation lesions with 

mean longitudinal extent of 1.9 ±0.4 cm and protrusion 

depth of 0.45 ±0.15 cm, yielding average dimensions of 
2.0 cm length, 0.5 cm thickness, and 2.0 cm ³ volume. These 
metrics, derived from the 21 granulation cases in our co- 
hort, established the phantom geometry for comprehensive 
dose validation studies. 

1 Patient population analysis 

We conducted a retrospective review of 25 patients with 

tracheal stenosis, processing CT datasets using 3D Slicer 
(version 4.11, The Surgical Planning Laboratory, USA) 
(7) to generate anatomical reconstructions ( Fig. 2 A–B). 
The cohort (mean age 54 ±8 years) demonstrated a 
median narrowest tracheal diameter of 12.0 mm (IQR: 
11.0–13.0 mm), with 20% exhibiting diameters ≤11.0 mm. 
Based on these measurements ( Fig. 2 D), we conservatively 

selected a 10.6 mm outer diameter (OD) endotracheal tubes 
(ETT) 8 mm inner diameter (ID) to ensure compatibility 

with narrow anatomical variants while maintaining ade- 
quate ventilation. 

These anatomical measurements also informed our or- 
gans at risk (OAR) characterization, with cartilage thick- 
ness averaging 1.2 mm (range: 1.0–1.5 mm) across the 25 

patient datasets. 

System components 

MTA, a three-component applicator, is engineered to 

prevent disassembly or lung migration during use and is 
adapted for magnetic resonance imaging (MRI) and CT 

imaging. 
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Fig. 3. MTA assembly with modular components. (A) Cross-section high- 
lighting key elements; (B) 3D-printed modules; (C) CAD model of MTA; 
(D) MTA; (E) Overview showing antileakage integration, (F) Folded 2- 
meter catheter yields 1-meter dual-channel configuration with radiopaque 
and MR-visible tip. 

ETT 

A polyvinyl chloride (PVC) medical-grade ETT (Shi- 
ley, Covidien, USA) ( Fig. 3 D) was conservatively sized to 

balance applicator accommodation with patient safety. An 

OD of 10.6 mm (ID: 8.0 mm) was selected based on com- 
patibility with adult tracheal anatomy ( 8 ) while minimiz- 
ing tracheal trauma risk ( 9 ). Larger tubes (outer diameter 
> 12 mm) increase complication risks, including excessive 
tracheal wall pressure and mucosal injury from cuff over- 
inflation ( 10 ). 

The selected ETT diameter, positioned below the co- 
hort median tracheal diameter of 12.0 mm ( Fig. 2 C), en- 
ables controlled in situ rotation (0–45 °) to facilitate flexi- 
ble catheter arrangements in either square or diamond con- 
figurations ( Fig. 8 D–E). The tube interface maintains full 
compatibility with standard anesthesia equipment while se- 
curely housing the embedded catheter modules. An airtight 
seal preventing air leakage is achieved using a polyacry- 
late adhesive fixation bandage (Leukoflex, Essity, Sweden; 
Fig. 3 E). 

Folded catheter array 

The radiation delivery system uses two 2-meter-long, 
5F nylon 6/6 tubes (1.67 mm OD; Zeus Industrial Prod- 
ucts, USA). Each tube is folded in half to form a 1-meter 
dual-channel catheter ( Fig. 3 F), resulting in four separate 
pathways for precise positioning of the iridium-192 source. 
This design allows flexible source placement while ensur- 
ing structural stability. Each catheter includes a 5 mm Ti- 
tanium guidewire tip to enhance visualization during CT 

or MRI imaging ( Fig. 3 F). 

3D-Printed centering modules 

Five centering modules ( Fig. 3 A–B) were designed us- 
ing CAD software (SOLIDWORKS 2023 SP5 Premium, 
Dassault Systèmes, USA) and manufactured from USP 

Class VI certified BioMed Amber biocompatible pho- 
topolymer resin (Formlabs, Massachusetts, USA) ( 11 ) via 
stereolithography (SLA). The modules ensure submillime- 
ter positioning accuracy of four radiation channels within 

the ETT lumen, maintaining mechanical stability dur- 
ing clinical handling and preventing catheter displacement 
throughout therapy delivery. The five-module configura- 
tion, spaced at 2.5 cm intervals, represents the optimal bal- 
ance between catheter parallelism and airflow dynamics as 
determined through computational optimization. 

2 Ventilation compatibility: computational and experi- 
mental testing 

To evaluate airflow resistance, both computational fluid 

dynamics (CFD) simulations and bench experiments were 
performed. 

1. Experimental setup : Ventilation tests used a Dräger At- 
lan A350 ventilator connected to a tracheal phantom 

and calibrated 1 L test lung (Siemens, Germany). TV 

of 400–550 mL were delivered at 13 breaths/min with 

5 cmH2 O positive end-expiratory pressure. PIP were 
recorded under baseline conditions (ETT only) and with 

MTA integrated. 
2. CFD modeling : The CAD model of MTA was meshed 

(2.8 million elements) and imported into COMSOL 

Multiphysics (v6.2, COMSOL AB, Sweden). The real- 
izable k–ε turbulence model was applied, solving conti- 
nuity and Navier–Stokes momentum equations, as well 
as transport equations for turbulent kinetic energy and 

dissipation rate. Boundary conditions replicated exper- 
imental TV and pressures. Agreement within 5% be- 
tween simulation and bench measurements was consid- 
ered validation. 

CFD validation protocol 

To isolate MTA-specific impact on airflow resistance 
while reducing computational complexity ( 12 ), a bound- 
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Fig. 4. MTA ventilation validation protocol. (A–B): Setup without MTA, (C): Ventilator results without MTA at TV: 497 ml, (D): Baseline PIP without 
MTA, (E): CFD MTA boundaries, (F–G): Setup with MTA. 

ary condition calibration strategy was employed. Experi- 
mental PIP values were initially obtained under baseline 
conditions—i.e., with the ventilator circuit operating with- 
out MTA—to establish reference parameters ( Fig. 4 A). 
Measurements were performed using an Atlan A350 ven- 
tilator (Dräger, Germany) connected to a tracheal phan- 
tom and a calibrated 1 L test lung (Siemens, Germany), 
designed to replicate physiological respiratory mechanics 
( Fig. 4 B). TV of 400, 450, 500, and 550 mL were ap- 
plied at a constant respiratory rate of 13 breaths per minute 
and positive end-expiratory pressure (PEEP) of 5 cmH2 O 

( Fig. 4 C). Baseline PIP values ranged from 10 to 13 ±0.5 

cmH2 O ( Fig. 4 D), depending on TV, and were used as 
physiological outlet boundary conditions in CFD simula- 
tions of MTA-only geometry ( Fig. 4 E). 

In the simulations, inlet volume flow rates were pre- 
scribed to reproduce the experimental TV profiles accu- 
rately, ensuring that time-averaged flows matched volume 
delivery. The outlet pressure was fixed at the experimen- 
tally determined baseline PIP values ( Fig. 4 D), represent- 
ing downstream resistance without MTA. The purpose of 
this calibration was to ensure that any additional pressure 

drop observed in simulation could be attributed solely to 

MTA contribution. 
Based on the successful validation of our setup for the 

standalone ETT (simulated vs. experimental agreement; 
Fig. 6 C), we extended its use to assess MTA. 

Experimental setup 

To validate model fidelity, simulated PIP values at MTA 

inlet were directly compared with ventilator-derived PIP 

measurements obtained from the physical setup with MTA 

integrated ( Fig. 4 F). The CFD model would be consid- 
ered validated for clinical application if experimental mea- 
surements demonstrated quantitative agreement with sim- 
ulations (error threshold: ≤5%). Should this criterion be 
satisfied, the model would subsequently be employed to 

predict airflows for specific MTA configurations. 
All experiments maintained standardized conditions 

(T °:22 °C, P °: 1atm) to ensure reproducibility. It was ver- 
ified that no leakage was present in MTA ( �TV = 0, 
Figs. 3 E and 4 C). 
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CFD methodology 

Geometry and meshing 

MTA CAD model ( Fig. 4 E) was exported as a water- 
tight STereoLithography (STL) mesh with a surface devi- 
ation tolerance of 0.1 mm, then imported into COMSOL 

Multiphysics (v6.2.0.423, COMSOL AB, Sweden). Auto- 
mated mesh validation confirmed geometric discrepancies 
of less than 0.05 mm relative to the native CAD geometry. 

The computational domain was discretized using a tetra- 
hedral mesh incorporating prismatic near-wall layers to 

accurately resolve boundary gradients. Grid independence 
was established through Richardson extrapolation analy- 
sis ( 13 ), yielding a final mesh comprising 2.8 million ele- 
ments. 

Flow modeling 

• Given the turbulent flow regime in the ETT (Re = 3690; 
ID = 8.0 mm ( 14 )), a turbulence model validated for 
ETT-scale applications was essential. The realizable k–
ε model with standard wall functions met this criterion, 
demonstrating < 4.8% error in velocity profiles at com- 
parable Re (3500–4000) ( 15 ). These equations were nu- 
merically solved using COMSOL Multiphysics, which 

implemented the finite element method to discretize and 

solve the governing equations. The software automati- 
cally handled the numerical solution process, including 

mesh generation, boundary condition application, and 

convergence criteria. The COMSOL software automat- 
ically discretized and solved the following governing 

equations using the finite element method: 
• Continuity: ∇�u = 0 

• Momentum (Navier-Stokes) : 

ρ( u · ∇ ) u = −∇ p + μ∇2 u + ∇ · τt 

• Turbulent kinetic energy (k): 

ρ∂t ( uk ) + ρu j ∂ j k 

= τi j ∂ j ui − ρε + ∇ · [ ( μ + μt /σk ) ∇k ] 

• Turbulence dissipation rate ( ε): 

ρ∂t ( uε ) + ρu j ∂ j ε 

= C1 ετi j ∂ j ui − C2 ρkε2 + ∇ · [ ( μ + μt /σε ) ] ∇ε 

Boundary conditions and analysis 

The computational model employed ( Fig. 4 E) physi- 
ologically representative boundary conditions: At the in- 
let, we applied a volume flow rate waveform calibrated 

to match experimentally measured TV ( 16 ). The outlet 
boundary ( Fig. 4 E) was prescribed as a fixed pressure 

Fig. 5. Phantom setup and vibration test validation. (A): phantom inte- 
grated with radiochromic film (orange layer) for dosimetric evaluation. 
(B): CT image overlay demonstrating sub-millimeter catheter stability 
postvibration testing. (C): Phantom mounted on a linear shaker in longi- 
tudinal orientation (simulating supine patient positioning. (D): Phantom 

reconfigured in transverse orientation on the shaker (simulating lateral 
patient positioning). 

condition set to baseline PIP values derived from clini- 
cal data ( Fig. 4 D). All wall surfaces enforced a no-slip 

boundary condition with zero velocity relative to stationary 

anatomy. 

3 Phantom Design and Fabrication 

A phantom model was constructed to replicate hu- 
man airway anatomy from the oropharynx to the carina. 
The phantom comprised two optically transparent plexiglas 
plates (25 ×15 ×1 cm ³) sandwiching a 1-cm-thick layer of 
tissue-equivalent bolus material (ExaFlex Bolus, Medisynt, 
Germany) to simulate soft-tissue friction and mechanical 
properties. This design enabled: 

Real-time visualization of ETT placement through 

transparent walls, 
Precise geometric referencing via embedded fiducial 

markers for reproducible component alignment, Modular 
interchangeability of anatomical segments to facilitate re- 
peated ETT insertion and catheter positioning. 

The phantom supported controlled experimental valida- 
tion of: 

Dose distribution via radiochromic film (EBT3, 
Gafchromic, Ashland Inc., Wayne, NJ, USA) placement 
at predefined anatomical landmarks, 

Catheter stability metrics through sequential reposition- 
ing trials ( Fig. 5 C–D). 
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Mechanical stability assessment 

Per ISO 13485:2016 (Clause 7.3.3.2) ( 17 ), MTA’s 
single-use designation inherently eliminates cyclic fatigue 
hazards, rendering fatigue testing inapplicable under ISO 

14971:2019′ s risk-based framework (Clause 6.3) ( 18 ). Me- 
chanical stability was therefore validated against worst- 
case single-insertion scenarios using an IKA HS 260 con- 
trol shaker (IKA-Werke, Germany), with vibration parame- 
ters (5 Hz frequency, 2.0 cm amplitude) selected from pub- 
lished biomechanical data representing spontaneous respi- 
ratory motion and head/neck displacements during ventila- 
tion and manipulation ( 19 ). The protocol ( n = 3) comprised 

two sequential 30-minute phases: longitudinal vibration 

( Fig. 5 C) (simulating supine positioning) and transverse 
vibration ( Fig. 5 D) (simulating positional changes), during 

which ETT lumen physically constrained radial displace- 
ment ( ≤0.5 mm) while permitting clinically relevant lon- 
gitudinal movement. Quantitative assessment via pre and 

post-test CT scans (Siemens Somatom; 0.5 ×0.5 mm in- 
plane resolution and 1.0 mm slice thickness) with laser- 
guided phantom alignment confirmed maximum displace- 
ment of 0.5 mm—measured using Pinnacle ³ treatment 
planning software (v16.2, Philips, Netherlands) ( Fig. 5 B) 
on catheter guidewire positions. Environmental conditions 
(22.0 °C ±1.0 °C, 1 atm) were maintained throughout test- 
ing. 

For a complete visual demonstration of the assessment 
methodology, including equipment setup and measurement 
techniques, refer to Video 1 in the supplementary materi- 
als. 

Irradiation setup 

To optimize the applicator’s performance, we conducted 

initial validation using radiochromic film ( 20 ). This step 

was crucial in determining the precise offset (−7 mm) and 

appropriate indexer length ( + 990 mm) for our HDR after- 
loader (MicroSelectron, Elekta AB, Sweden), which uti- 
lized an iridium-192 (Ir-192) source with an air kerma 
strength of 41.07 μGy ·m ²·h−¹ (source dimensions: 3.5 mm 

length ×0.6 mm diameter). 

Dosimetric comparison methods 

For dosimetric validation, a total of 3 radiochromic 
films (EBT3, Gafchromic, Ashland Inc., Wayne, NJ, USA) 
were irradiated at predefined anatomical landmarks within 

the phantom. The films were scanned using an Epson Per- 
fection V750 Pro scanner (Seiko Epson Corporation, Suwa, 
Japan) at 96 dpi resolution and 48-bit color depth. Gamma 
analysis was performed with the VeriSoft software package 
(PTW, Freiburg GmbH, Germany) using stringent accep- 
tance criteria (2 mm DTA / 2.3% dose difference). These 
procedures were used to compare experimental film mea- 
surements with Oncentra Brachy 4.6.2 dose calculations. A 

total of three radiochromic films were irradiated, of which 

one representative dataset was analyzed for gamma com- 
parison ( 20 ). 

Results 

Ventilation performance analysis 

CFD simulations demonstrated agreement within < 2% 

of experimental measurements, validating the accuracy of 
pressure predictions across TV ( Fig. 6 C). Notably, the sim- 
ulated PIP remained below 30 cmH2 O at a TV of 500 mL 

(27 cmH2 O) ( Fig. 6 C), remaining within clinically ac- 
cepted safety thresholds for patient ventilation ( 21 ). These 
findings suggest MTA introduces moderate hemodynamic 
resistance ( 22 ) while maintaining flow stability within ac- 
ceptable limits for clinical use. 

Computational optimization identified the clinically op- 
timal modular configuration via iterative parametric anal- 
ysis of module count (3–7 segments) and inter-module 
spacing (2.0–3.0 cm), constrained by displacement limits 
( < 0.5 mm) and catheter parallelism ( < 2 ° angular devia- 
tion). A configuration of five modules spaced 2.5 cm apart 
emerged as the Pareto-optimal solution, offering the best 
trade-off among competing objectives. By distributing me- 
chanical resistance along MTA’s length, it effectively re- 
duced localized pressure peaks at the module sites. Ex- 
perimental validation closely matched simulation results, 
with PIP deviations ≤1.7% across tested TV (400–550 mL; 
Fig. 6 C). At 2.5 cm, intermodule spacing delivered the op- 
timal compromise: preserved catheter parallelism and en- 
hanced airflow dynamics ( Fig. 6 D), validating MTA’s en- 
gineered geometry for stable ventilator compatibility. This 
configuration mitigates alveolar overdistension by optimiz- 
ing pressure. These findings underscore MTA’s potential to 

integrate into standard ventilation protocols without com- 
promising patient safety or mechanical integrity ( Fig. 7 ). 

Vibration stability assessment 

MTA demonstrated positional stability under simulated 

physiological motion, with sub-millimeter displacement 
observed across all test conditions. High-resolution CT 

analysis confirmed a mean displacement of 0.43 ±0.14 mm 

relative to anatomical landmarks, consistently below the 
2 mm clinical threshold requiring catheter repositioning. 

No statistically significant differences emerged between 

patient position: 
Supine-simulated positioning: 0.43 ±0.14 mm displace- 

ment 
Lateral-simulated positioning: 0.33 ±0.15 mm displace- 

ment 
The observed stability ( < 0.5 mm shift) remained con- 

sistent across all trials ( n = 3), with displacement vectors 
confined to the longitudinal axis of the tracheal phan- 
tom. These findings confirm that MTA maintains precise 
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Fig. 6. MTA airflow performance validation. (A): Dräger Atlan A350 ventilator interface during MTA testing at TV = 497 mL. (B): CFD simulation of 
airflow trajectories within MTA at TV = 500 mL. Color gradients represent pressure distribution (Pa), with red denoting high-pressure zones at the inlet. 
(C): Comparative analysis of experimental vs. simulated PIP across TV (400–550 mL). Baseline measurements (blue) reflect native tracheal resistance, 
while ETT (orange) and MTA green/red) curves demonstrate device-specific pressure contributions. Error margins ( < 2%) validate CFD accuracy. (D): 
Relative pressure drop along MTA length at TV = 500 mL. 

Fig. 7. Validation of MTA Dose Delivery (A): 3D isodose map gener- 
ated via treatment planning software. (B): Irradiated radiochromic film. 
Comparison of MTA Versus BGA. 

catheter positioning during clinically relevant mechanical 
perturbations, satisfying safety requirements without neces- 
sitating repositioning interventions. 

Dosimetric validation results 

The Gamma analysis demonstrated < 2.3% deviation be- 
tween measured and calculated dose distributions, yielding 

a 99.0% gamma pass rate—exceeding the 95% clinical 

threshold. This confirms the accuracy of the experimental 
setup and validates the dosimetric performance of MTA 

( 23 ). This high-precision result validates both the correct 
offset and catheter length in the experimental setup, while 
confirming that phantom heterogeneities did not signifi- 
cantly impact dose calculation accuracy. 

Comparative analysis ( 23 ) of BGA (6 mm OD, Elekta, 
Sweden) ( Fig. 8 A) versus MTA configured in square ( Fig. 
8 D) and diamond ( Fig. 8 E) geometries reveals that while 
all three configurations achieve adequate target coverage 
( Fig. 8 F) at the prescription dose level (D100%), the dia- 
mond configuration offers the most favorable balance be- 
tween conformality and OAR sparing. Specifically, D150% 

and D200% volumes within the target are significantly 

reduced in the diamond configuration (32.0% and 7.0%, 
respectively) compared to BGA (50.1% and 5.2%) and 

square MTA (48.7% and 16.0%). OAR doses are sub- 
stantially higher for BGA design (e.g., D100% = 33.7%) 
versus near-complete OAR sparing in both MTA configu- 
rations (D100% = 2.3% and 0.0% for square and diamond, 
respectively). The Conformity Index (COIN) is highest for 
the diamond configuration (0.73), while the Dose Non- 
Uniformity Ratio (DNR) is lowest (0.42), indicating more 
precise dose shaping and better homogeneity. 

The diamond configuration yields significantly im- 
proved OAR sparing and lower high-dose exposure within 

the target compared to BGA approach ( Fig. 8 C). 
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Fig. 8. Experimental comparison of BGA and MTA. (A): BGA inserted into a phantom. 
(B): MTA positioned in the phantom; the inset shows the proximal connector with angle. (C): Isodose distribution for BGA configuration. D: Isodose 
distribution for MTA in square geometry (0 °). E: Isodose distribution for MTA in diamond geometry (45 °). F: Quantitative comparison of dosimetric 
indices across all three configurations. Green values indicate the most favorable (optimal) results for each index, while red highlights the least favorable 
(suboptimal) values. 

Discussion 

The development of MTA addresses critical gaps in 

tracheal brachytherapy, driven by the unavailability of 
the Fritz applicator in Elekta’s European catalog. MTA 

demonstrated markedly superior dosimetric performance 
compared to BGA, which is often adapted for air- 
way brachytherapy. In the diamond configuration, MTA 

achieved effective sparing of OAR, with D100% values 
of 0.0% versus 33.7% for BGA, while maintaining supe- 
rior dose conformity (COIN = 0.73 vs 0.51). These dosi- 
metric improvements translate to substantial clinical ben- 
efits. Conventional single-channel applicators often neces- 
sitate dose de-escalation to limit OAR toxicity, potentially 

compromising local control rates. The enhanced confor- 
mity achieved with MTA enables dose escalation to bio- 
logically effective levels while maintaining safety margins 
for critical structures. This capability is particularly rel- 
evant for adenoid cystic carcinomas, which require high 

doses due to their radioresistant nature, and for granulation 

tissue control, where inadequate dosing leads to treatment 
failure and repeated interventions. 

OAR were comprehensively defined as tracheal cartilage 
(mean 1.2 mm thickness, range 1.0–1.5 mm), esophageal 
wall (3.5 mm at the tracheoesophageal interface), and me- 
diastinal structures 5–10 mm beyond the adventitia ( 24 ). 
Conservative dose constraints applied to tissue beyond 

3 mm from the target minimize risks of radiation-induced 

stenosis, ulceration, and tracheoesophageal fistula. While 
this study employed TG-43 formalism with excellent val- 
idation results (99% gamma pass rate), model-based dose 
calculation algorithms (MBDCA) could improve dose ac- 
curacy by approximately 5–8% at air–tissue interfaces 
prevalent in tracheal anatomy ( 23 ). However, phantom val- 
idation suggests minimal clinical impact of heterogeneity 

corrections in our specific application, as tissue-equivalent 
bolus closely approximates tracheal wall properties. Clin- 
ical implementation should incorporate MBDCA for pa- 
tients with anatomical variations or metallic stents where 
tissue heterogeneities would be more pronounced. 

MTA development integrated computational fluid dy- 
namics (CFD) with experimental validation, achieving 

< 2% error between simulated and measured ventilation 
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parameters across 400–550 mL TV ( 20 ). This CAD–CFD–
prototype workflow reduced trial-and-error prototyping, ac- 
celerated design optimization, and enabled patient-specific 
customization, aligning with EU MDR 2017/745 regula- 
tions ( 25 ). 

The modular design adapts to anatomical variations, in- 
cluding narrower tracheal diameters in female patients or 
stenotic cases. This computational framework enables ma- 
chine learning integration for optimized, patient-specific 
designs, consistent with the EU Artificial Intelligence Act 
( 26 ). Similar principles could extend to other intraluminal 
sites requiring conformal brachytherapy delivery. 

Current prototypes employ USP Class VI nonbiodegrad- 
able polymers ensuring robustness and preventing particle 
migration. As single-use devices subject to the EU single- 
use plastics directive ( 27 ), future iterations should ex- 
plore bioresorbable materials like polydioxanone or PGLA, 
maintaining structural integrity during treatment while 
meeting respiratory stress requirements. 

MTA’s composition suggests MRI compatibility, poten- 
tially facilitating integration into MRI-based workflows. 
Enhanced soft-tissue delineation could improve target def- 
inition and enable dose escalation while maintaining OAR 

safety. 
MTA addresses longstanding limitations in tracheal 

brachytherapy by combining precise geometry control, val- 
idated ventilation safety, and adaptable design principles. 
With demonstrated OAR sparing improvements and supe- 
rior dose conformity, MTA establishes a platform for per- 
sonalized airway brachytherapy. Early-phase clinical stud- 
ies are warranted to validate safety and assess therapeutic 
outcomes. 

Conclusion 

MTA represents a novel approach to tracheal 
brachytherapy that demonstrates preliminary technical fea- 
sibility through CFD analysis, dosimetric validation, and 

phantom evaluation ( 28 ). This proof-of-concept study es- 
tablishes the foundational engineering and dosimetric char- 
acteristics of MTA design. The 3D-printable, ETT-specific 
design concept aligns with emerging trends in personalized 

medical device manufacturing. 
These results justify immediate progression to prospec- 

tive cohort validation, positioning MTA as a technically 

mature solution ready for clinical translation. 
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