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Simple Summary

High-dose-rate interventional radiotherapy (HDR IRT) depends on accurate dose calcu-
lations. The traditional TG-43 method assumes all tissues are like water, but this can
lead to inaccuracies in modern treatments involving tissue heterogeneities and 3D-printed
applicators. This narrative review of 35 studies found that TG-43 often overestimates
dose, while model-based dose calculation algorithms (MBDCAs) provide more accurate
results. Although TG-43 remains widely used, model-based methods are increasingly
important for improving treatment accuracy, especially in complex and personalized HDR
IRT applications.

Abstract

Background: High-dose-rate interventional radiotherapy (HDR IRT) relies on accurate dose
calculations to ensure safe and effective treatment. The AAPM TG-43 formalism, based
on homogeneous water assumptions, has long been the clinical standard, but the growing
use of patient-specific applicators and heterogeneous materials challenges its accuracy.
Materials and Methods: A literature narrative review was performed using PubMed and
Scopus to identify studies comparing TG-43 and model-based dose calculation algorithms
(MBDCAs), including deterministic methods (ACE, Acuros BV) and Monte Carlo simula-
tions. Thirty-five studies were selected and qualitatively analyzed. Results: TG-43 yielded
higher dose compared with MBDCAs, particularly in the presence of tissue heterogeneities,
air gaps, shielding materials, and limited scatter conditions. Differences ranged from 2 to
5% in relatively homogeneous settings to more than 10–20% in complex geometries such as
superficial mould treatments and head-and-neck IRT. Model-based approaches showed
better agreement with Monte Carlo simulations and experimental measurements, especially
in contact HDR IRT and applications involving 3D-printed applicators. Conclusion: While
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TG-43 remains clinically established and widely used, its limitations are increasingly evi-
dent in modern personalized HDR IRT. Model-based dose calculation algorithms provide
greater dosimetric accuracy and should be progressively integrated into clinical practice,
particularly in treatments involving significant heterogeneities.

Keywords: brachytherapy; interventional radiotherapy; algorithm

1. Introduction
Interventional Radiotherapy (IRT, Modern Brachytherapy) is a form of radiotherapy

in which radioactive sources are placed in close proximity to or within the target volume,
enabling the delivery of highly conformal radiation doses while limiting irradiation of
surrounding healthy tissues. This treatment modality is widely used for several oncological
indications, including gynecological, prostate, breast, skin, and head and neck cancers. In
particular, high-dose-rate (HDR) IRT has become increasingly adopted in modern clinical
practice due to its flexibility in treatment planning, the possibility of optimizing dwell times
and positions, and its compatibility with image-guided procedures, as well as for logistical
advantages, improved patient management, and radiation protection benefits compared
to low-dose-rate (LDR) IRT. One of the key components of IRT treatment planning is
the accurate calculation of the dose distribution delivered by radioactive sources within
complex anatomical environments.

For several decades, dose calculations in IRT treatment planning systems have pri-
marily relied on the formalism described in the AAPM Task Group 43 (TG-43) report [1].
This approach is based on a water-based dose formalism in which the radioactive source
is assumed to be placed at the center of a sufficiently large homogeneous water phantom,
conventionally a sphere with a diameter of about 40 cm, to ensure full scatter conditions and
approximate an unbounded medium. Dose distributions are calculated using pre-tabulated
dosimetric source-specific parameters derived from measurements and Monte Carlo (MC)
simulations in water, including the dose-rate constant, radial dose function, and anisotropy
function. In this framework, patient-specific heterogeneities, applicator materials, and
variations in scatter conditions are not explicitly modeled. The TG-43 formalism has been
widely adopted due to its simplicity, robustness, and computational efficiency, allowing
fast and stable dose calculations in routine clinical workflows. However, the simplifying
assumptions underlying this approach may introduce inaccuracies in several clinically
relevant scenarios, particularly when tissue heterogeneities, air cavities, shielding materials,
or complex applicator geometries are present. This limitation becomes especially relevant in
modern contact IRT, where materials with different physical densities may be intentionally
introduced for clinical purposes, such as acting as a bolus to improve surface dose distri-
bution, providing shielding to protect nearby organs at risk, or enabling the fabrication
of patient-specific applicators that improve conformity to curved anatomical surfaces and
reduce air gaps. Several studies have reported measurable differences between TG-43 and
model-based dose calculation algorithms, particularly in the presence of heterogeneities
such as air cavities, shielding materials, or limited scatter conditions, with deviations that
may exceed 10% in specific scenarios [2,3]. Similar effects, often more pronounced due
to lower photon energies, have also been described in LDR IRT, highlighting the role of
radiation transport physics for dose calculation accuracy [4].

To overcome these limitations, more advanced computational approaches have been
developed to incorporate patient-specific anatomical and material information into dose
calculations. Model-Based Dose Calculation Algorithms (MBDCAs) represent a class of
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computational methods designed to explicitly simulate radiation transport in heteroge-
neous media. Unlike TG-43 calculations, these algorithms as described in the TG-186 report
account for variations in tissue density, elemental composition, and applicator materials by
using patient-specific imaging data, typically derived from computed tomography scans
(CT) [2]. It should be noted that, unlike TG-43, TG-186 does not define a single formalism,
but rather provides a comprehensive framework describing the available model-based
dose calculation approaches and their clinical implementation [5,6]. Depending on the
computational strategy adopted, model-based algorithms can be broadly classified into
deterministic and stochastic approaches. Deterministic algorithms solve the radiation
transport equation using numerical methods, whereas stochastic approaches rely on MC
techniques that simulate the probabilistic interactions of radiation particles with matter.

Among the deterministic algorithms implemented in commercial IRT treatment plan-
ning systems, two approaches are particularly relevant (Figure 1). The Advanced Collapsed
Cone Engine (ACE), implemented in the Oncentra Brachy (Elekta AB, Stockholm, Sweden)
treatment planning system, is based on a collapsed-cone superposition method that esti-
mates dose deposition by modeling primary photon transport and scattered radiation using
pre-calculated energy deposition kernels. In this approach, dose contributions from pri-
mary photons are convolved with scatter kernels to approximate the spatial distribution of
deposited energy. Another widely used deterministic algorithm is Acuros BV, implemented
in the BrachyVision (Siemens Healthineers AG, Erlangen, Germany) treatment planning
system. This method relies on a grid-based Boltzmann solver (GBBS) that directly solves the
linear Boltzmann transport equation on a spatial grid, allowing explicit modeling of photon
transport and interactions in heterogeneous media characterized by different densities and
elemental compositions. In addition to deterministic approaches, stochastic methods based
on MC simulations represent the most physically accurate strategy for radiation transport
modeling. By simulating individual particle histories and their probabilistic interactions
with matter, MC methods provide highly accurate dose calculations and are commonly
considered the reference standard for benchmarking IRT dose calculation algorithms, as
schematically illustrated in Figure 1.

 

Figure 1. Conceptual schematic of the main dose calculation algorithms used in HDR IRT treatment
planning systems for clinical and research purposes.
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The TG-186 report describes a range of model-based dose calculation approaches that
allow the explicit inclusion of tissue heterogeneities, applicator materials, shielding compo-
nents, and finite patient boundaries in the radiation transport model, resulting in a more
realistic representation of dose deposition in clinical scenarios. The importance of imple-
menting MBDCA in IRT treatment planning has become even more relevant in recent years
due to technological advances in applicator design and manufacturing. In particular, recent
studies have increasingly reported the use of patient-specific applicators produced using
additive manufacturing techniques. Three-dimensional (3D) printing technologies enable
the fabrication of customized applicators tailored to patient anatomy and specific clinical
requirements, improving applicator positioning and enhancing treatment accuracy [7–9].

In this framework, materials with different physical densities and atomic compositions
can be intentionally selected to fulfill several clinical purposes. Tissue-equivalent materials
may be used as a bolus to improve surface dose distribution, whereas high-density ma-
terials can be incorporated as shielding elements to reduce dose to nearby organs at risk.
In addition, patient-specific applicators can be designed to closely conform to irregular
and curved anatomical surfaces, reducing air gaps and improving contact between the
applicator and the skin. This aspect is particularly relevant in contact IRT, where the
curvature of anatomical regions, such as the ear, nasal dorsum, or periocular area, may
significantly influence dose distribution and target coverage [10]. The ability of 3D printing
to reproduce patient-specific geometries therefore represents an important advantage for
optimizing treatment in these challenging locations. However, the use of materials with
different densities and compositions introduces heterogeneities in the radiation transport
environment that are not accounted for by conventional water-based dose calculation
approaches. Consequently, dose calculations based on homogeneous water assumptions
may not accurately represent the actual dose distribution when such devices are used. In
this context, MBDCAs provide a significant advantage, as they allow the explicit inclusion
of material properties and density variations within the computational model, enabling
more realistic and patient-specific dose estimations.

In addition to clinical applications, the need for accurate dose calculation methods is
also increasingly relevant in translational research settings. In recent years, HDR IRT has
been progressively employed in experimental platforms for radiobiological investigations,
including in vitro irradiation systems designed to reproduce clinically relevant dose de-
livery conditions. In these experimental setups, precise characterization of the delivered
dose distribution is essential to correctly interpret biological responses and correlate them
with radiation exposure. However, such platforms often involve complex geometries,
small irradiation volumes, and heterogeneous materials that may significantly deviate from
the homogeneous water conditions assumed in the TG-43 formalism. In light of this, the
use of more advanced computational approaches, such as model-based dose calculation
algorithms or Monte Carlo simulations, becomes particularly important to ensure accurate
and reproducible dosimetric characterization of experimental irradiation systems [11].

Despite the increasing availability of MBDCAs in modern treatment planning systems,
their clinical implementation, validation, and application across different IRT sites remain
areas of ongoing investigation [3,4,12]. Differences in algorithmic approaches, compu-
tational performance, and dosimetric accuracy continue to be explored in the scientific
literature. Therefore, a comprehensive overview of the current developments in MBDCA in
IRT is valuable to better understand their methodological foundations, validation strategies,
and potential clinical impact.

In recent years, several review articles have addressed the development and imple-
mentation of MBDCA in IRT. Previous reviews have primarily focused on the physical
principles of MBDCA and their dosimetric performance compared with the TG-43 for-
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malism, highlighting the improved accuracy achievable when tissue heterogeneities and
applicator materials are explicitly modeled. Other studies have reviewed the clinical imple-
mentation and commissioning aspects of TG-186–based algorithms in treatment planning
systems, emphasizing the importance of appropriate validation procedures and bench-
marking against MC simulations. However, despite these comprehensive reviews, limited
attention has been devoted to the implications of MBDCAs in the context of rapidly evolv-
ing technologies in HDR IRT, such as patient-specific 3D-printed applicators, heterogeneous
materials, shielding devices, and emerging translational applications. In addition, emerg-
ing approaches have recently demonstrated the feasibility of applying MBDCAs using
mobile cone–beam CT (CBCT) systems instead of conventional CT imaging, potentially
enabling adaptive and patient-specific treatment planning directly within the IRT suite [13].
These developments introduce increasingly heterogeneous treatment environments that
may challenge the assumptions underlying conventional water-based dose calculation ap-
proaches [14,15]. Therefore, the aim of the present narrative review is not to systematically
reassess the evidence on MBDCAs, but rather to provide an updated perspective on their
role in modern HDR IRT, with particular emphasis on technological innovations that are
progressively reshaping dose calculation requirements, including additive manufacturing
and heterogeneous treatment environments.

2. Materials and Methods
A literature search was performed to identify studies investigating the application

of MBDCA in high-dose-rate (HDR) IRT. The search was conducted in February 2026
using the Scopus and PubMed databases, employing combinations of the keywords “HDR
brachytherapy” and “MBDCA”, as well as the extended terms “model-based dose calcula-
tion algorithms” and “TG-186 formalism”, always in combination with “brachytherapy”
or “HDR brachytherapy”. Inclusion criteria were studies investigating dose calculation
algorithms in HDR brachytherapy, including clinical, phantom, simulation, or methodolog-
ical studies. Studies focusing on low-dose-rate (LDR) brachytherapy, as well as those not
directly addressing dose calculation approaches or not related to HDR IRT, were excluded.

Titles and abstracts of the retrieved records were screened to assess their relevance to
the topic of model-based dose calculation in IRT. Articles identified as reviews, conference
papers, or those without accessible full-text versions were excluded from further evaluation.
The search strategy was subsequently expanded using additional combinations of the
extended terminology to ensure the inclusion of relevant publications. After merging the
results obtained from the different keyword combinations, removing duplicate records,
and excluding studies without available full text, 35 papers remained and were included in
the qualitative analysis of this narrative review.

For each included study, relevant information was extracted and systematically ana-
lyzed. In particular, the following characteristics were considered: study design, anatomical
site or clinical application, dose calculation approach, study model, potential use of 3D-
printing technologies, and the primary aim of the study. These parameters were used
to qualitatively synthesize the literature and provide an overview of the methodologi-
cal approaches, clinical contexts, and technological developments related to MBDCA in
HDR IRT.

3. Results
The literature analysis included studies investigating the development, validation,

and clinical implementation of MBDCAs in HDR IRT. The main characteristics of the
included studies are summarized in Table 1 for QA and dosimetric purposes and in
Table 2 for patient studies, while the distribution of dose calculation comparisons across
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clinical applications is illustrated in Figure 2. Notably, only 9% of the included studies
involved the use of 3D-printed manufactured devices or applicators. The analyzed publica-
tions comprised methodological developments, phantom and experimental validations,
in-silico investigations, and retrospective clinical studies performed on patient cohorts,
and they covered a broad spectrum of HDR IRT applications. Based on the treatment
technique or anatomical site, the studies were categorized into gynecological IRT, contact
IRT, interstitial IRT (excluding gynecological cases), and quality assurance or phantom
investigations, together with a smaller subset of methodological developments. Contact
HDR IRT represented the most frequently investigated clinical scenario. Gynecological IRT
constituted another substantial portion of the literature, primarily involving intracavitary
or hybrid intracavitary–interstitial treatments for cervical cancer. Interstitial HDR IRT stud-
ies included breast implants, prostate treatments, and CT-guided liver IRT, while several
publications focused on algorithm commissioning procedures, benchmarking datasets, and
experimental validation platforms.

Table 1. Overview of the studies included in the literature review on dose calculation algorithms in
HDR IRT for quality assurance (QA) or dosimetric studies.

Application Dose Calculation
Approach Study Model Primary Aim

Siebert et al.,
2013 [16] Interstitial HDR IRT TG-43 vs. Acuros BV

(GBBS) Patient cohort (n = 49)

Evaluation of dosimetric
differences between

TG-43 and GBBS
accounting for tissue

heterogeneities

Moura et al., 2015 [17] HDR IRT QA TG43 vs. Acuros BV
(GBBS) vs. MC

Development of a
heterogeneous

phantom for TPS
validation

Evaluation of
heterogeneity effects on
TG-43 dose calculation

accuracy

Ballester et al.,
2015 [18] HDR IRT QA Acuros BV vs. ACE vs.

MC

Development of a
reference HDR source
and phantom dataset

MC benchmarking of
MBDCAs

Zwierzchowski et al.,
2016 [19]

Gynecological HDR
IRT ACE Water phantom study

with film dosimetry

Development of
experimental verification

methods for TPS dose
calculations in HDR IRT

Ma et al., 2017 [20] HDR IRT QA Acuros BV vs. ACE vs.
MC

Development of a
shielded applicator test

case for TG-186
commissioning

Validation of MBDCAs
against MC simulations

Ababneh et al.,
2018 [21] HDR IRT QA MC Virtual phantom

simulations

Development of physics
components supporting

MBDCA dose
calculations

Pappas et al.,
2018 [22] Contact HDR IRT TG-43 vs. ACE vs. MC

Gel dosimeter phantom
study with MC
benchmarking

Experimental
benchmarking of

MBDCAs against TG-43
and MC

Sinnatamby et al.,
2018 [23] General HDR IRT Acuros BV vs. gamma

analysis

Tissue-equivalent
phantom study with

film dosimetry

Commissioning and
verification of

heterogeneity-aware
MBDCA algorithms
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Table 1. Cont.

Application Dose Calculation
Approach Study Model Primary Aim

Scherf et al., 2022 [24] HDR IRT QA ACE
Phantom study with
ionization chamber

measurements

Evaluation of
imaging-related effects

on HU-based dose
calculations

Zwierzchowski et al.,
2022 [25] Contact HDR IRT TG-43 vs. ACE

Phantom verification of
dose distributions with

lead shielding

Experimental validation
of MBDCAs in

heterogeneous conditions

Peppa et al., 2023 [26] Interstitial breast HDR
IRT

ACE, Acuros BV vs.
MC

Development of
computational test case

for algorithm
commissioning

Development of
computational patient

models for MBDCA
benchmarking

Fagerstrom et al.,
2024 [27] HDR IRT QA Acuros BV

Standardized TG-186
test cases with

CT/water-based
datasets

Commissioning and
validation of MBDCA

implementation in HDR
IRT

Rossi et al., 2024 [28] Contact HDR IRT TG-43 vs. ACE vs. MC
Clinical treatment

planning case with MC
benchmarking

Evaluation of dose
calculation accuracy:
MBDCA vs. TG-43 in
superficial HDR IRT

Silvus et al., 2024 [29] In vitro irradiation
HDR IRT

TG-43 vs. Acuros BV
vs. gamma analysis vs.

film measurements

In vitro cell-culture
irradiation with film

dosimetry

Development and
validation of a

3D-printed irradiation
platform for HDR IRT

studies

Meftahi et al.,
2024 [30]

Gynecological HDR
IRT Acuros BV vs. MC Virtual water phantom

with applicator models

Evaluation of applicator
material effects on HDR

IRT dose calculations

Salamat et al.,
2024 [31] Contact HDR IRT TG-43 vs. MC vs. film

measurements Phantom study
Evaluation of surface

mould applicators and
MBDCA accuracy

Shajid et al., 2024 [32] Gynecological HDR
IRT TG-43 vs. ACE Patient cohort (n = 30)

Evaluation of dosimetric
differences between
TG-43 and TG-186 in

intracavitary HDR IRT

Karius et al., 2024 [13] HDR IRT QA TG-43 vs. ACE Patient cohort (n = 26)
and phantom study

Evaluation of
CBCT-based MBDCA

feasibility and dosimetric
accuracy in adaptive

HDR IRT

Moghadam et al.,
2025 [33] HDR IRT QA MC

Development of
graphical interface for

MC IRT dose
calculations

Development of
computational tools for
MC dose calculations in

HDR IRT

Rosa et al., 2025 [34] Contact HDR IRT TG-43 vs. ACE

Evaluation of a
3D-printed multilayer

applicator with
high-density shielding

Evaluation of TG-186
impact on OAR dose and

personalized HDR IRT

Peppa et al., 2026 [35] Gynecological HDR
IRT ACE vs. MC

Development of clinical
test cases for

commissioning and QA

Development of
computational test cases
for commissioning HDR

IRT algorithms
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Table 2. Overview of the studies included in the literature review on dose calculation algorithms in
HDR IRT for patient studies.

Application Dose Calculation
Approach Study Model Primary Aim

Zourari et al.,
2015 [36]

Interstitial HDR IRT
breast TG-43 vs. ACE Patient cohort (n = 38)

Evaluation of DVH and
plan-quality differences

between TG-43 and
MBDCAs

Terribilini et al.,
2017 [37]

Interstitial HDR IRT
breast TG-43 vs. ACE vs. MC

Clinical evaluation of
ACE in HDR breast IRT

plans

Performance evaluation of
MBDCAs in heterogeneous
dose calculation scenarios

Abe et al., 2018 [38] Gynecological HDR
IRT TG-43 vs. ACE vs. MC Clinical evaluation of

MBCDA in IRT

Clinical evaluation of
MBDCA performance in

heterogeneous anatomical
conditions

Duque et al.,
2020 [39]

Interstitial liver HDR
IRT TG-43 vs. MC

Evaluation of
model-based

calculations in
CT-guided liver IRT

Evaluation of TG-186 vs.
TG-43 in CT-guided
interstitial HDR IRT

Scherf et al.,
2021 [40] Contact HDR IRT TG-43 vs. ACE Patient cohort (n = 6)

Evaluation of mould
material heterogeneities

and dose calculation
corrections

Sinnatamby et al.,
2021 [41] Contact HDR IRT TG-43 vs. Acuros BV

(GBBS) Patient cohort (n = 25)
Evaluation of dosimetric

advantages of MBDCAs in
chest-wall HDR IRT

Szlag et al.,
2021 [42] Contact HDR IRT TG-43 vs. ACE Patient cohort (n = 11)

Evaluation of tissue
heterogeneity effects in

superficial HDR IRT

Antaki et al.,
2023 [43]

Prostate interstitial
HDR IRT MBDCA Patient cohort (n = 10)

Development of
optimization methods for
IMBT treatment planning

in HDR IRT

Placidi et al.,
2023 [44] Contact HDR IRT TG-43 vs. ACE Treatment planning

study

Evaluation of bolus
thickness and

heterogeneity corrections
on target coverage

Roussakis et al.,
2024 [45]

Breast, head a neck,
lung interstitial HDR

IRT

TG-43 vs. Acuros BV
(GBBS) Patient cohort (n = 59)

Multi-site evaluation of
dosimetric differences

between TG-43 and
MBDCAs

Radcliffe et al.,
2025 [46]

Gynecological HDR
IRT TG-43 vs. Acuros BV Patient cohort (n = 32)

Evaluation of dosimetric
differences between TG-43
and MBDCAs in HDR IRT

Rosa et al., 2025 [47] Contact HDR IRT TG-43 vs. ACE Patient cohort (n = 10)
with simulations

Evaluation of geometric
and material

heterogeneities in contact
HDR IRT

Licher et al.,
2025 [48] Contact HDR IRT TG-43 vs. ACE

Evaluation of
patient-specific

3D-printed mould
applicators

Clinical evaluation of
patient-specific mould

HDR IRT

Schaller et al.,
2025 [49] Interstitial HDR IRT TG-43 vs. ACE Patient cohort (n = 158)

Evaluate dosimetric
differences and correlate
dose metrics with clinical

outcomes and toxicity
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Figure 2. Distribution of the included studies according to clinical application and type of dose
calculation comparison.

The dose calculation approaches investigated in the included studies were heteroge-
neous but predominantly involved comparisons between the conventional TG-43 water-
based formalism and MBDCAs implemented according to the TG-186 recommendations,
including deterministic solvers such as the ACE and the GBBS Acuros BV [2,4]. MC
simulations were also frequently used, either as a reference standard for benchmarking
deterministic algorithms or as an independent dose calculation framework [14]. The distri-
bution of calculation approaches used in the reviewed studies is summarized in Figure 2,
which illustrates the number of investigations performing comparisons between TG-43,
MBDCA, and MC methods across the different clinical contexts.

Across the dataset, the most common comparison involved TG-43 versus MBDCAs,
followed by comparisons between MBDCAs and MC simulations or studies including all
three calculation approaches. A smaller number of publications focused exclusively on the
development or implementation of MBDCAs or MC–based computational frameworks
without performing direct comparisons between calculation methods. As shown in Figure 2,
comparisons between TG-43 and MBDCAs represented the largest proportion of studies,
particularly in contact and gynecological HDR IRT.

Several retrospective patient studies investigated the clinical impact of different dose
calculation approaches. In interstitial HDR IRT cohorts including breast, head-and-neck,
and lung implants, TG-43-based calculations predicted higher target coverage parameters
compared with Acuros BV calculations, with reported differences in D90, V95, and V100
of approximately 2–5% [36,45]. However, not all studies have reported clinically relevant
differences, with some investigations showing only minor dosimetric variations between
TG-43 and model-based approaches, including studies with patient datasets primarily
designed for methodological validation [13]. Comparable differences were observed in
gynecological IRT investigations, where TG-43 calculations predicted higher target cover-
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age and organ-at-risk dose values compared with ACE-based calculations [32,34,46]. In
scenarios characterized by anatomical heterogeneities, such as the presence of air cavities in
the rectum during cervical HDR IRT, differences between deterministic algorithms and MC
simulations were reported to reach approximately 8–12% for rectal D2cm3 values [30,35]. In
contrast, larger deviations have been reported in specific anatomical sites such as head and
neck IRT, particularly in high-dose regions, where differences between TG-43 and MBDCA
calculations may reach up to approximately 15–20% [49].

Additional clinical evidence was reported for other anatomical sites. In CT-guided in-
terstitial liver IRT, recalculation of treatment plans using TG-186-based algorithms resulted
in lower dose estimates compared with TG-43 calculations. Differences in liver dose–
volume parameters reached approximately −6% of the total liver volume, while reductions
of up to −3.5% of the prescribed dose were reported for target coverage metrics [39].

Similar observations were reported in breast HDR treatments delivered using catheter
flap moulds or accelerated partial breast irradiation techniques, where recalculation with
Acuros BV resulted in lower dose parameters for both target volumes and surrounding
organs at risk when compared with TG-43 calculations [41].

Superficial HDR IRT represented one of the most extensively investigated treatment
scenarios. Comparisons between TG-43, MBDCAs, and MC simulations demonstrated
pronounced differences in predicted dose distributions when full scatter conditions were
not present. In large surface mould treatments for scalp lesions, TG-43 calculations were
reported to overestimate dose values by approximately 10–20% at increasing distances
from the implant [28]. Additional planning studies evaluating individualized mould
treatments for facial or perinasal skin tumors reported lower target dose parameters when
treatment plans were recalculated using TG-186-based algorithms [40]. Similar findings
were observed in multi-catheter mould-based treatments and planning investigations for
skin cancer IRT, where ACE-based recalculations resulted in reduced dose estimates for
both target volumes and organs at risk compared with TG-43 calculations [42,44,47].

Several studies specifically investigated the impact of material and geometric hetero-
geneities on dose calculation accuracy. MC simulations evaluating high-density vaginal
cylinder applicators demonstrated dose reductions of approximately 6–7% at the applica-
tor surface compared with homogeneous water calculations [30]. Additional simulations
showed that geometric factors such as air gaps between applicators and patient surfaces
may significantly influence delivered dose, with reported reductions reaching approxi-
mately 15% in certain configurations [47].

Experimental validation studies were also widely represented in the literature. Phantom
investigations using film dosimetry, gel dosimeters, and ionization chamber measurements
were performed to verify the accuracy of treatment planning system calculations under hetero-
geneous conditions [17,22,23,25]. In these studies, heterogeneous phantom models composed
of materials simulating different tissue densities were used to reproduce realistic clinical
conditions. Experimental measurements combined with MC simulations demonstrated dose
variations exceeding 10% when heterogeneous materials were introduced.

Additional methodological studies contributed to the development of benchmark-
ing datasets and commissioning tools for MBDCAs. Several investigations described
the generation of standardized HDR 192Ir source models, virtual water phantoms, and
anthropomorphic computational phantoms derived from clinical IRT cases [18,20,26,35].
These datasets were used to benchmark deterministic algorithms against MC reference
calculations. In these validation studies, deterministic algorithms such as Acuros BV and
ACE reproduced MC dose distributions within approximately 1–2% in clinically relevant
regions. For the purpose of this review, studies were categorized as QA/dosimetric studies
when they focused on phantom validation, treatment planning comparisons, algorithm
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verification, or quality assurance procedures, whereas patient studies included investiga-
tions based on clinical patient datasets and treatment planning analyses. The temporal
distribution of the included studies is shown in Figure 3, with a higher prevalence of QA
and dosimetric investigations compared with patient-based studies.

Figure 3. Temporal distribution of the included studies according to publication year, stratified by
study type.

4. Discussion
The analyzed studies highlight the increasing interest in the adoption of advanced dose

calculation approaches in modern HDR IRT. While the TG-43 formalism has historically
represented the standard method for IRT dose calculation, its simplifying assumptions,
particularly the use of a homogeneous water medium and the neglect of scatter conditions
and material heterogeneities, limit its ability to accurately describe dose distributions in
several clinically relevant situations [1–3]. At the same time, it should be acknowledged
that the current clinical experience regarding dose–outcome relationships is largely based
on TG-43 calculations, and this legacy must be carefully considered when interpreting
results obtained with more advanced algorithms. The results of the present review confirm
that differences between TG-43 and model-based calculations are consistently observed
across multiple anatomical sites and treatment techniques. However, clinical evidence
supporting MBDCAs is still evolving, and further experience is required before their routine
and standardized clinical implementation can be fully established. In this context, and in
agreement with the joint GEC-ESTRO and AAPM working group recommendations, it is
advisable to report TG-43 and TG-186-based dose calculations simultaneously whenever
feasible, to facilitate comparison and support clinical transition.

Although deterministic algorithms such as ACE and Acuros BV provide calculation
times that are generally compatible with routine clinical workflows, dual reporting in-
evitably increases treatment planning complexity by requiring additional plan verification,
comparison of dose metrics, and interpretation of differences between TG-43 and TG-186
results. Furthermore, successful implementation requires comprehensive commissioning
procedures, including CT-to-material calibration, validation of material assignment, and
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algorithm-specific quality assurance, together with appropriate staff training to ensure
consistent clinical interpretation of the reported dose metrics.

This transitional approach is particularly important because the majority of currently
accepted prescription protocols, dose constraints for organs at risk, and dose–response
relationships have been established using TG-43-based calculations. Consequently, al-
though MBDCAs provide a more physically realistic representation of dose deposition,
direct substitution of historical TG-43 dose metrics with TG-186-derived values should be
approached with caution until sufficient clinical outcome data become available.

One of the most common observations emerging from the analyzed studies is the
tendency of TG-43-based calculations to predict higher dose values compared with model-
based approaches. Although these differences are generally modest in relatively homo-
geneous conditions, they become more pronounced in the presence of heterogeneities or
complex geometries. This aspect is particularly relevant in treatment scenarios character-
ized by interfaces between materials with markedly different physical densities, where
simplified water-based assumptions cannot adequately represent the underlying radiation
interaction conditions.

Importantly, the dosimetric differences reported between TG-43 and MBDCAs should
not be interpreted uniformly across all HDR IRT applications, as their magnitude depends
on the clinical scenario and may range from only a few percent in relatively homogeneous
conditions to clinically relevant deviations in highly heterogeneous treatment geome-
tries. From a practical perspective, the available evidence suggests that TG-43 remains
an appropriate and clinically acceptable dose calculation approach for conventional HDR
IRT treatments performed under relatively homogeneous conditions, using standard ap-
plicators and full scatter geometries, where dosimetric differences are generally limited.
Conversely, the use of MBDCAs should be strongly considered whenever significant tissue
or material heterogeneities, air gaps, shielding components, patient-specific 3D-printed
applicators, or limited-scatter conditions are present, as these situations are associated with
the largest discrepancies from TG-43-based calculations.

Contact HDR IRT represents a clear example of such conditions. Superficial treatments
often involve complex geometries, limited scatter conditions, and interfaces between
tissue, air, and applicator materials. Several studies included in this review reported
that TG-43 calculations may overestimate the delivered dose in superficial mould-based
treatments, especially in large treatment areas or when backscatter conditions are reduced.
In these contexts, MBDCAs provide a more realistic representation of photon transport,
enabling improved characterization of dose gradients near the treatment surface and at
material interfaces [50,51].

Another important aspect highlighted by the analyzed studies concerns the influence
of applicator materials on dose calculations. Many modern HDR IRT procedures employ
applicators composed of materials with physical properties significantly different from
water. This is particularly relevant for gynecological applicators, multilayer moulds, or
shielding components, which may introduce local attenuation and scattering effects not
accounted for by the TG-43 formalism. The reviewed studies demonstrate that such
heterogeneities can produce measurable variations in dose distributions, particularly near
applicator surfaces and in regions where high-density materials are present.

These considerations have become even more relevant with the increasing adoption
of additive manufacturing technologies in IRT. Three-dimensional printing enables the
fabrication of customized applicators and moulds tailored to patient-specific anatomy,
supporting the development of more personalized HDR IRT. However, the materials used
in additive manufacturing may exhibit a wide range of densities and compositions, creating
heterogeneous radiation transport environments that cannot be fully represented by homo-
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geneous water-based assumptions. Accurate modeling of these heterogeneities therefore
becomes important for reliable dose estimation in increasingly personalized treatment
geometries. Although the proportion of studies currently reporting the use of 3D-printed
applicators remains relatively limited (approximately 9% in the analyzed literature), the
adoption of additive manufacturing in radiation oncology is rapidly expanding. As a conse-
quence, questions that in the past could be considered mainly methodological or academic,
such as the impact of material composition and density on dose calculation, are becoming
progressively more relevant for routine clinical practice. With the expected growth of
patient-specific devices and customized applicator designs, the accurate modeling of these
heterogeneous materials is likely to represent an increasingly important aspect of treatment
planning in HDR IRT.

Moreover, precise dosimetric characterization is also essential in translational research
settings, where HDR IRT is used in experimental irradiation platforms for radiobiological
studies. In these contexts, heterogeneity-aware approaches such as MBDCAs or Monte
Carlo simulations can improve dose accuracy and support the translation of experimental
findings into clinically relevant HDR IRT applications [6,10].

To improve reproducibility across preclinical studies, quality assurance of these exper-
imental platforms should include CT-based geometric characterization of the irradiation
setup, validation of the physical properties of all irradiation materials, independent dosi-
metric verification using radiochromic films or equivalent detectors, and benchmarking of
deterministic algorithms against Monte Carlo simulations whenever feasible. The adoption
of standardized commissioning procedures for small-volume irradiation systems would
further enhance the comparability and translational value of radiobiological investigations
performed with HDR IRT.

The reliability of MBDCAs is further supported by their agreement with MC simula-
tions, which are widely considered the reference standard for radiation transport modeling.
Several benchmarking studies reported in the literature demonstrate that deterministic al-
gorithms such as GBBS and ACE can reproduce MC dose distributions within a few percent
in clinically relevant regions [18,20,26,27]. This level of agreement provides confidence in
the use of model-based approaches for treatment planning, particularly in clinical scenarios
where heterogeneity effects are expected to play a significant role.

Experimental validation studies also contribute important evidence supporting the
adoption of model-based dose calculations. Phantom measurements using film dosime-
try, gel detectors, or ionization chambers consistently demonstrate improved agreement
between calculated and measured dose distributions when heterogeneity-aware algo-
rithms are employed [17,22,23]. In heterogeneous phantom configurations, dose deviations
exceeding 10% have been reported when simplified water-based calculations are used,
highlighting the importance of accurate modeling of material composition and density in
treatment planning systems.

Another relevant consideration concerns the role of imaging-based material assign-
ment in TG-186 implementations. Since MBDCAs rely on CT-derived density information
to describe patient anatomy and applicator materials, uncertainties in Hounsfield unit
conversion or incorrect material assignment may influence calculated dose distributions.
In this context, it is also important to distinguish between implementations such as ACE
that directly use voxel-wise CT Hounsfield numbers and those in which uniform materials
can be assigned to contoured structures, allowing the user to override image-based hetero-
geneities with predefined densities. The presence of high-density components or contrast
agents, which may be intentionally administered during treatment planning to improve
tumor visualization, may further complicate this process. Consequently, appropriate cali-
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bration procedures and careful commissioning remain essential steps when implementing
MBDCAs in clinical practice.

This aspect becomes particularly relevant when patient-specific 3D-printed applicators
are employed. Commercial additive manufacturing materials, including different grades
of PLA, PETG, TPU, and photopolymer resins, may exhibit considerable variability in
physical density and CT Hounsfield Unit values depending not only on the material itself
but also on manufacturer specifications, printing parameters (e.g., infill percentage), and
imaging protocols. Consequently, uncertainties in CT-to-material conversion or inaccurate
material assignment may propagate into dose calculations performed with model-based
dose calculation algorithms (MBDCAs), such as Acuros BV and ACE. These considerations
underline the importance of dedicated material characterization, commissioning, and
validation procedures before the routine clinical implementation of patient-specific 3D-
printed devices.

From a practical perspective, although TG-186-based MBDCAs improve dosimetric
accuracy by accounting for tissue heterogeneities, their widespread clinical implementation
still presents several challenges beyond their physical accuracy. Compared with conven-
tional TG-43 workflows, MBDCAs require more extensive commissioning procedures,
including validation of CT-to-material conversion, verification of material assignment, and
algorithm-specific quality assurance. Their implementation also requires dedicated training
of medical physicists and radiation oncologists to ensure the appropriate interpretation
of dose metrics and a thorough understanding of algorithm-specific assumptions. Fur-
thermore, integration into routine clinical workflows may increase planning complexity
and workload, particularly during the transition phase in which both TG-43- and TG-186-
based calculations may need to be evaluated. Therefore, careful uncertainty management,
together with compliance with current professional recommendations and local regula-
tory requirements, remains essential for the safe and effective clinical implementation of
model-based dose calculation algorithms.

Beyond their immediate clinical implications, MBDCAs also enable the development
of new research directions in IRT. Advanced treatment techniques, including intensity-
modulated IRT and sophisticated optimization strategies based on complex dwell time
and dwell position configurations, require accurate dose calculation methods capable
of modeling heterogeneous radiation transport conditions. In addition, the growing
use of customized applicators, shielding components, and moulds produced through
additive manufacturing technologies further increases the complexity of the radiation
transport environment [34].

In this evolving technological context, the progressive transition from dose calcula-
tion approaches based on homogeneous water assumptions toward algorithms capable
of explicitly accounting for tissue and material heterogeneities may therefore be consid-
ered increasingly desirable. Such developments reflect the continuous advancement of
both procedural techniques and supporting technologies in HDR IRT, including the use
of customized applicators, shielding structures, and patient-specific moulds. Within this
framework, heterogeneity-aware computational models provide a more flexible and physi-
cally realistic representation of modern treatment geometries.

A limitation of this review is that the included studies are heterogeneous in terms
of clinical applications, study designs, and validation methods, which limits direct quan-
titative comparison between results. Overall, the available evidence indicates that the
integration of MBDCAs represents an important step toward improving the physical accu-
racy of IRT treatment planning. At the same time, the transition from conventional TG-43
workflows to heterogeneity-aware dose calculations requires appropriate commissioning
procedures, validation studies, and clinical experience to ensure reliable implementation.
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Future investigations should continue to explore the impact of advanced dose calculation
methods across different anatomical sites, applicator designs, and emerging technologies
in HDR IRT.

This review has several limitations. First, as a narrative review, it was designed to
provide a qualitative overview of the current evidence rather than a systematic synthesis,
and therefore no formal systematic review methodology was applied. Second, the literature
search was restricted to the PubMed and Scopus databases; consequently, relevant studies
indexed in other databases or available in the grey literature may not have been identified.
Finally, as with any review based on published literature, the findings may be influenced
by publication bias, since studies reporting positive or significant findings are more likely
to be published. These limitations should be considered when interpreting the conclusions
of the present review.

5. Conclusions
The evidence reviewed suggests that the water-based TG-43 formalism remains a

robust and widely used approach for dose calculation in HDR IRT. However, the increasing
adoption of advanced procedures, customized applicators, shielding components, and
3D-printed devices introduces heterogeneous conditions that may not be fully represented
by homogeneous water assumptions. In the era of emerging technologies in HDR IRT,
the integration of MBDCAs capable of accounting for tissue and material heterogeneities
appears increasingly relevant for accurate dose estimation.
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CBCT Cone–Beam Computed Tomography
CT Computed Tomography
GBBS Grid-Based Boltzmann Solver
GEC-ESTRO Groupe Européen de Curiethérapie—European Society for Radiotherapy and Oncology
HDR High-Dose-Rate
HU Hounsfield Unit
IMBT Intensity-Modulated Brachytherapy
IRT Interventional Radiotherapy
LDR Low-Dose-Rate
MC Monte Carlo

https://doi.org/10.3390/radiation6030029

https://doi.org/10.3390/radiation6030029


Radiation 2026, 6, 29 16 of 18

MBDCA Model-Based Dose Calculation Algorithm
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