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Abstract 
High-Dose-Rate (HDR) brachytherapy with an Iridium (Ir)-192 source re-
mains a cornerstone in the management of locally advanced cervical cancer. 
However, the accuracy of dose delivery depends critically on precise source 
positioning within the applicator geometry. This study aims to investigate the 
dosimetric impact of small positional deviations of a radioactive source within 
a 26-mm diameter ring applicator and assess how such deviations influence 
target coverage and doses to surrounding Organs at Risk (OAR) during gynae-
cological brachytherapy. A retrospective analysis was performed on twenty 
previously treated patients using the Elekta Oncentra Treatment Planning Sys-
tem (TPS) at Steve Biko Academic Hospital. Reference treatment plans were 
generated with ten dwell positions distributed along the ring. Two deviation 
scenarios, 3 mm clockwise and 3 mm counter-clockwise shifts, were simulated 
relative to the nominal source path. Dose values were extracted at four ref-
erence points: A1 and A2 (prescription points), A3 (bladder), and A4 (rectum), 
in accordance with the International Commission on Radiation Units and 
Measurement (ICRU) Report 38 recommendations. The simulated deviations 
produced observable dosimetric changes. Mean percentage dose differences at 
A1 and A2 ranged from ±1.7% to ±3.2%, indicating that even minor geometric 
shifts can alter the target coverage. In terms of OARs, an average dose increase 
of 2.5% - 3.0% was observed at the bladder and rectum points, with the rectum 
displaying the highest sensitivity to posterior (counter-clockwise) displace-
ment. These findings confirm that positional deviations of only a few millime-
tres can lead to clinically significant alterations in dose distribution, partic-
ularly in regions adjacent to steep dose gradients. The study underscores the 
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importance of meticulous applicator reconstruction, regular mechanical qual-
ity assurance, and an accurate treatment planning system applicator modelling 
library, which should be established through commissioning of the virtual ap-
plicator geometry against physical measurements of the clinical device. Fur-
thermore, incorporating correction factors or applicator-specific calibration 
during commissioning may further mitigate such uncertainties by enhancing 
target dose coverage during treatments while ensuring patient safety in HDR 
brachytherapy.  
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1. Introduction 

HDR brachytherapy using Ir-192 is regarded as the gold-standard treatment mo-
dality for a boost treatment in locally advanced cervical cancer, following External 
Beam Radiotherapy (EBRT) with or without chemotherapy [1]. The technique in-
volves delivering a highly conformal dose to the target volume through a combi-
nation of intracavitary applicators, typically a tandem and ring system [1] [2]. The 
ring component guides the source in a circular path; hence, any reconstruction or 
physical inaccuracy can shift the actual dwell positions, altering the intended dose 
distribution [3]. Given the steep dose gradients characteristics of brachytherapy, 
even millimetre-scale geometric deviations can lead to substantial dosimetric ef-
fects [3].  

Several studies have reported positional uncertainties arising from catheter re-
construction errors, imaging artefacts, or small differences between applicator 
models in the treatment planning system and their true physical geometry [3] [4]. 
These uncertainties can lead to either under- or over-dosage of the clinical target 
volume or overdosage of critical Organs at Risk (OAR) such as the bladder and 
rectum. A study by Tanderup et al. (2013) provided strong evidence that ring ap-
plicators, in particular, are prone to position-dependent source path offsets that 
can reach up to 3 mm, with the greatest discrepancies occurring in the posterior 
region adjacent to the rectum. They further showed that these errors can be re-
duced to below 1 mm when appropriate correction strategies are applied [4]. Their 
findings helped motivate the current investigation, which examines the dosimetric 
consequences of applying ±3 mm offsets to the source path. 

More recently, Aldrovandi et al. (2025) [5] provided one of the most detailed 
evaluations of these effects to date. Using autoradiographs, kV imaging, and de-
tailed geometric analysis of the Varian PEEK ring applicator, their study showed 
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that dwell position offsets increase quasi-linearly along the ring, ranging from neg-
ligible near the tip to nearly 3 mm at the most proximal dwell positions. The study 
further demonstrated that these deviations arise from mechanical behaviours of the 
source wire, such as tension, twisting, and non-uniform curvature, which cause 
the source to follow an effective radius larger than the nominal lumen radius. Cru-
cially, Aldrovandi et al. proposed and validated two position-dependent correc-
tion methods that reduced residual positioning errors to within ±0.7 mm, satisfy-
ing the ±2 mm tolerance required by international guidelines. Their findings rein-
force the need for applicator-specific commissioning rather than relying solely on 
nominal geometric models [5]. 

This study was directly inspired by the work of Aldrovandi et al. [5]. Their demon-
stration that real ring applicators can exhibit systematic, position-dependent offsets 
provided strong motivation to investigate the clinical dosimetric implications of 
such deviations in a patient-specific context. While their study focused on quan-
tifying mechanical and geometric offsets, and developing correction strategies us-
ing commissioning, the current work evaluates how similar deviations, when un-
corrected, may influence the delivered dose to both target points and OARs in actual 
brachytherapy treatment. In particular, this study simulates ±3 mm positional 
shifts along the ring, magnitudes consistent with the offsets observed by Aldrovandi 
et al. [5], and quantifies their effect on prescription points A1 and A2, as well as 
on bladder and rectal reference points defined by International Commission on 
Radiation Units and Measurements (ICRU) 38 [6]. By examining these deviations 
across a cohort of twenty previously treated patients, the study aims to provide clin-
ically relevant insight into the dosimetric sensitivity of standard ring-based plans 
to source path inaccuracies.  

Furthermore, in HDR brachytherapy, the dose decreases inversely with the square 
of the distance from the source, resulting in a rapid fall-off in dose. Consequently, 
even small deviations in source position can produce measurable changes in the 
delivered dose distribution [7] [8]. This underscores the importance of robust ap-
plicator reconstruction, accurate applicator modelling within TPS, and stringent 
quality assurance procedures [9] [10]. 

2. Materials and Methodology 
2.1. Materials 

This was a retrospective study that was conducted using the Elekta Oncentra Brachy-
therapy Treatment Planning System. The study set consisted of the CT images, struc-
ture sets, and contours of 20 previously planned and treated brachytherapy pa-
tients. To be eligible for the study, patients had to have been planned and treated 
using the 26 mm-diameter stainless steel ring applicator.  

2.2. Methodology 

The Clinical Target Volume (CTV) and the organs at risk, namely the bladder and 
rectum, were copied from each patient’s original treatment plan to preserve ana-
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tomical accuracy while facilitating consistent dosimetric comparison across cases. 
Reference treatment plans were generated on the Oncentra Brachytherapy TPS 
using the Oncentra Applicator Library, which provides accurate geometric repre-
sentations of clinical applicators. Within the ring applicator, ten dwell positions 
were activated, five located on the anterior section and five on the posterior sec-
tion, to represent a typical clinical dwell distribution pattern commonly used for 
gynaecological brachytherapy. Four reference points were defined in accordance 
with the ICRU Report 38 recommendations to evaluate dose delivery to both the 
target volume and OARs. These included two prescription points, A1 and A2, de-
fined at coordinates (2, 2, 0) and (−2, 2, 0), respectively. The origin of the coordi-
nate system was placed at the level of the external cervical os (tandem flange). 
These coordinates reflect the Manchester System definition of Point A, situated 2 
cm superior to the cervical os and 2 cm lateral to the uterine canal. The third ref-
erence point, A3, represented the bladder point, defined at the center of the Foley 
balloon filled with 7 cm3 of contrast medium, while the fourth reference point, A4, 
represented the rectal point, defined 5 mm posterior to the posterior vaginal wall. 
The reference treatment plan was normalized to the prescription points A1 and 
A2, and this normalization was kept fixed for all simulated shifted plans to ensure 
consistent dose scaling and comparability across all simulated conditions. These 
will be considered as interest points. This approach ensured that any observed 
dose differences that arose were solely dependent on the geometric changes in the 
source path rather than from re-optimization or renormalization within the TPS.  

To simulate the effect of positional deviations of the Iridium-192 source within 
the ring applicator, two sets of shifts were introduced relative to the reference dwell 
positions. A shift of 3 mm was applied to all ten dwell positions to represent a po-
tential displacement of the source path toward the anterior or posterior direction 
within the ring, as seen in Figure 1. Figure 1 illustrates the three source path con-
figurations representing the 3 mm clockwise shift, reference position, and the 3 mm 
counter-clockwise shift used in this study. The corresponding dose distributions 
were recalculated, and the dose values at all four reference points (A1, A2, A3, and 
A4) were recorded. This approach allowed for an assessment of the impact of small, 
yet clinically relevant, geometric deviations on dose delivery to both the target vol-
ume and surrounding critical organs. 
 

     
(a)                     (b)                     (c) 

Figure 1. (a) The 3-mm clockwise shift: (b) The reference position; (c) The 3-mm counter-
clockwise shifts. 
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2.3. Analysis 

The percentage differences between the doses obtained from the shifted dwell po-
sitions (both clockwise and counter-clockwise) and the reference dwell positions 
were calculated using the formula: 

 
( )Clock C.Clock Ref

Ref

% 100%
D D

D
D

−
∆ = ×  (1) 

where Clock C.ClockD  represents the dose to the interest point after the simulated 
shift, and RefD  is the dose obtained from the reference dwell configuration. 

To analyse the data collected, both positive and negative deviations were con-
sidered for the prescription points (A1 and A2) since variations in either direction 
could lead to potential underdosing or overdosing of the target volume, thereby 
impacting tumour control probability and treatment effectiveness. In contrast, for 
the OARs (A3 for the bladder and A4 for the rectum), only positive deviations 
were taken into account, as an increase in dose to these structures may be clinically 
significant and directly associated with an increased risk of radiation-induced tox-
icities.  

3. Results 

The percentage dose deviations were plotted for each patient across the three con-
figurations. This is summarized in Table 1 and shown in the patient-level line 
plots for the four measurement points (Figures 2-5). The summary table (Table 
1) reports the average percent deviations for each reference point under the two 
displacement directions and highlights the principal clinical implication for each 
point. Target prescription points A1 and A2 exhibited both positive and negative 
deviations depending on the displacement direction (consistent with either increased 
or reduced coverage), the bladder point (A3) showed relatively modest increases 
in dose with the displacement, while the rectum point (A4) displayed the largest 
and most clinically relevant increases when the source path shifted posteriorly, i.e., 
anticlockwise. 
 
Table 1. Results showing dose deviation at each reference point (A1, A2, A3, A4). 

 Clockwise Deviation 
(Average) 

C. Clockwise  
Deviation (Average) 

Clinical  
Implication 

A1* 

1.72% 3.24% 
Increased  

Target Coverage 

−2.61% −1.93% 
Reduced  

Target Coverage 

A2* 

2.66% 1.87% 
Increased  

Target Coverage 

−1.63% −3.25% 
Reduced  

Target Coverage 
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Continued 

A3** (Bladder) 2.51% 2.96% 
Increased  

Dose to Bladder 

A4** (Rectum) 2.82% 3.14% 
Increased  

Dose to Rectum 

*Positive and negative deviations were considered; **Only positive deviations were consid-
ered. 
 

 

Figure 2. Dose at point A1 for simulated configuration. 
 

 

Figure 3. Dose at point A2 for simulated configuration. 
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Figure 4. Dose at point A3 for simulated configuration. 
 

 

Figure 5. Dose at point A4 for simulated configuration. 
 

Quantitatively, the average percentage changes for A1 and A2, as seen in Table 
1, where up to ≈3%, with individual patient variability. These percentage changes 
are significant given the steep dose gradient produced by a HDR source, which 
implies that a small spatial change can translate into a non-negligible change in 
the dose delivered to the target.  
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In this study, the plans were deliberately normalized to A1 and A2 in every case; 
therefore, the observed changes at those points reflect only geometric effects due 
to the changed source path and not planner remediation by optimization. In prac-
tice, this demonstrates that if the applicator reconstruction or assumed source 
path in the TPS does not match the true source trajectory, target coverage may 
be consistently compromised across all delivered fractions unless recognized and 
corrected. 

The results presented in Table 1 show a clear and direction-dependent relation-
ship between the applied geometric deviation and the resulting dose variation at 
the four reference points. For the prescription points A1 and A2, both clockwise 
and counter-clockwise shifts produced measurable percentage changes, with av-
erage deviations ranging from ~±1.7% to ±3.2%. Although these values appear 
modest, they are consistent with the dose variations expected from small posi-
tional changes of only a few millimetres within the steep dose gradients inherent 
to HDR brachytherapy. The presence of both positive and negative deviations also 
confirms that geometric shifts can either increase or decrease target coverage de-
pending on the direction of the displacement. Importantly, the fact that these var-
iations arise despite consistent normalization to the prescription A-points across 
all plans. This indicates that they stem directly from altered dwell-point distances 
rather than from any optimization-based compensatory effect within the TPS. It 
highlights the inherent sensitivity of prescription point doses to the true source 
trajectory within the applicator.  

For the OARs, the trends in Table 1 demonstrate that even a simplified, uni-
form 3 mm deviation can induce systematic increases in dose, within the bladder 
(A3), showing average increases of 2.5% - 3.0% and the rectum (A4), showing the 
highest sensitivity, with mean increases of 2.8% - 3.1%. These findings reinforce 
the well-established observation that the rectum lies within a region of a very steep 
dose gradient posterior to the ring, implying that even small reductions in the 
source-to-rectum distances may amplify the delivered dose disproportionately. 
The variation in magnitude across patients arises because, although the same ge-
ometric displacement was applied to every case, the underlying pelvic anatomy 
differs. As a result, the displaced source position affects the distance to each ref-
erence point differently for each patient. Collectively, the patterns in Table 1 
illustrate that even minor positional inaccuracies can propagate into clinically 
meaningful dose variations for both target points and OARs, underscoring the 
importance of precise applicator reconstruction and mechanical accuracy of the 
dwell positions.  

4. Discussion 

The graphical representation of the results and the comparative dose data pro-
vided a clear visualization of the relationship between positional source deviations 
within the ring applicator and the corresponding effects on dose distribution pat-
terns to both the target volume and the OARs. 
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4.1. Target Coverage (A1 and A2) 

Figure 2 and Figure 3 show the doses per patient at prescription points A1 and 
A2 for the reference, clockwise and counter-clockwise dwell paths. The green (ref-
erence), blue (clockwise) and red (counter-clockwise) curves are largely in agree-
ment with one another, however, with clear, direction-dependent separations 
for a subset of patients. In particular, patients such as Patient 10 and Patient 16 
demonstrate the clearest departure from the reference: one displacement direction 
produced a measurable increase in dose to the A-points while the opposite direc-
tion produced a comparable decrease. This behaviour is expected from the geom-
etry of a curved ring applicator: shifting the effective source path toward the an-
terior side moves the dwell positions closer to the anterior prescription points and 
away from the posterior points (or vice versa), producing opposing deviations in 
localized dose. 

4.2. Bladder Dose (A3) 

Figure 4 shows the bladder point (A3) doses for each patient. Compared with the 
target points, the bladder exhibited smaller and less variable dose increases with the 
simulated ±3 mm displacements. The summary table (Table 1) recorded a modest 
mean percentage increase in the order of 1% - 3% for A3 under both displacement 
directions. Patient 8 and Patient 18 (Figure 4) show clear upward deviations, in-
dicating that anatomy and relative geometry determine whether the bladder receives 
a measurable incremental dose for a given source shift. The bladder point is often 
anterior and somewhat further from the posterior rim of the ring; therefore, small 
posterior shifts tend to affect the rectum more strongly than the bladder. However, 
the bladder dose increase observed is not negligible: repeated fractionation could 
accumulate measurable increased dose. 

4.3. Rectum Dose (A4) 

The rectum point (A4) demonstrated the largest sensitivity to source path devia-
tions. Figure 5 and Table 1 both show that posterior-directed deviations (coun-
ter-clockwise in the chosen sign convention) produced the greatest increased dose 
changes to A4, with Patients 8 and 13 showing a significant increase. This finding 
aligns closely with earlier characterisations of ring applicator behaviour: Tanderup 
et al. first emphasised the positional dependence of source offsets and their dis-
proportionate effect on posterior structures adjacent to the ring, and the work of 
Aldrovandi & Bulling documents similar offset patterns and proposed correction 
strategies. The mean A4 deviation reached the largest percent among the OARs 
(≈3% on average, with some individual patients reaching higher doses), indicating 
that minute mechanical deviations that move the source path posteriorly can poten-
tially increase the rectal exposure. 

This observation is amplified when fractions are considered collectively: an in-
crease of ~0.3 - 0.4 Gy per fraction (which is consistent with the per-fraction mag-
nitude implied by the percentage deviations observed) can accumulate over 3 - 5 
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HDR fractions to produce a cumulative increase in EQD2 that may be clinically 
relevant with respect to rectal toxicity limits (EMBRACE-II recommends con-
servative rectal D2cc objectives). Such cumulative dose escalation may translate 
into an increased risk of late rectal toxicities, including radiation proctitis, rectal 
bleeding, ulceration, and fibrosis, which are known to be strongly correlated with 
total delivered dose and high-dose exposure to rectal tissue. Even modest per-
fraction increases arising from uncorrected source-path deviations can therefore 
have meaningful implications for long-term patient morbidity and quality of life, 
particularly when accumulated over multiple HDR fractions. Therefore, even if a 
single fraction’s increase appears minute, the aggregate effect motivates attention 
to applicator QA and reconstruction accuracy. 

4.4. General Discussion 

The uniform systematic shifts simulated in this study are most representative of 
mechanical effects inherent to the source-applicator system, including source wire 
tension, internal friction, and non-uniform curvature of the source channel within 
the ring applicator. During source transit and dwell positioning, the flexible drive 
cable may experience elastic deformation, torsion, and resistance against the inner 
lumen of the applicator, particularly in curved geometries, causing the radioactive 
source to follow an effective trajectory with a larger radius than the nominal ap-
plicator path. These mechanical behaviours result in position-dependent offsets 
that are systematic in nature and most pronounced in posterior regions of the 
ring, as experimentally demonstrated by Aldrovandi et al., and are therefore well 
represented by the controlled, directional shifts applied in this study. 

The magnitude and direction-dependent deviations observed are consistent 
with prior observations of ring applicator behaviour in both phantom-based and 
patient-specific investigations. Tanderup et al. (2013) demonstrated that even 
small systematic offsets in digitisation or mechanical source path position can 
yield clinically relevant changes in delivered dose because of the non-linear inter-
play between radial distance and the inverse-square fall-off. The present results 
reinforce this observation by showing that the relationship between the displace-
ment direction and dose deviation is not uniform, but it is governed by the relative 
anatomy at each reference point. For example, posterior shifts consistently ampli-
fied rectal dose due to reduced radial distance, whereas the bladder, which is more 
anterior and often at a slightly greater average distance from the majority of ring 
dwell positions, exhibited more modest changes. This direction-dependent sensi-
tivity highlights that the same magnitude of geometric deviation can have mark-
edly different clinical implications depending on the proximity of steep gradients 
to nearby organs.  

Furthermore, the patient-specific patterns observed in the A-point curves (Fig-
ure 2 and Figure 3) illustrate the dependence of target-point sensitivity on both 
applicator geometry and individual pelvic anatomy. Some patients displayed nearly 
symmetrical changes in A1 and A2 under opposite shifts, while other patients 
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showed asymmetrical behaviour, suggesting that even small anatomical asymme-
tries around the applicator can influence how deviations propagate into the dose 
distribution. This reinforces the argument made by Hellebust et al. (2007) [2], 
who noted that applicator reconstruction inaccuracies do not manifest uniformly 
across patients and that CT-based geometric distortions can amplify these incon-
sistencies. These findings justify the use of patient-specific reconstruction checks, 
especially for applicators where curvature introduces additional geometric com-
plexity.  

Accurate brachytherapy TPS applicator modelling libraries are essential to min-
imise dosimetric uncertainties arising from source path inaccuracies. In clinical 
practice, this requires commissioning the virtual applicator model against the 
physical applicator geometry rather than relying solely on manufacturer-provided 
nominal dimensions. International recommendations from GEC-ESTRO and the 
AAPM state that applicator commissioning should include verification of dwell 
position accuracy using autoradiography, radiochromic film, or imaging-based 
techniques, with systematic offsets incorporated into the TPS model where neces-
sary [7]. Such applicator-specific commissioning has been shown to reduce resid-
ual source positioning errors to sub-millimetre levels, thereby improving agreement 
between planned and delivered dose distributions [9]. 

The most clinically relevant finding from this study is the consistent increase in 
rectal dose with posterior deviations, averaging just over 3% and reaching higher 
values of about 7.1% in some patients. While they might seem small per fraction, 
these changes may accumulate across multiple HDR fractions and raise the rectal 
EQD2 toward or beyond recommended limits as suggested by the EMBRACE-II 
protocol, given the strong dose-volume dependence of late rectal toxicity. This 
highlights the importance of applying correction strategies, such as the position-
dependent offset methods proposed by Aldrovandi et al. (2025) [5], which can re-
duce geometric errors to below 1 mm, and which reinforces the need for robust 
mechanical QA, accurate digitisation, and reliable applicator modelling. By demon-
strating the clinical implications of uncorrected source-path deviations in a real 
patient cohort, the study emphasizes that even small geometric uncertainties war-
rant careful attention in routine brachytherapy practice.  

5. Study Limitations 

The analysis included only 20 patient datasets, primarily due to limited applicator 
availability during the study period. Only one ring applicator size (26 mm diam-
eter) was evaluated, as it was the only size routinely used in the department at the 
time. Another limitation is that the study was simulation-based, using planned 
geometric shifts rather than measured or in vivo source positions. This approach 
allowed for controlled analysis but does not fully account for mechanical toler-
ances, applicator wear, or patient-specific variations that may occur during ac-
tual treatment delivery. The assumption of a uniform 3 mm shift in either direc-
tion also represents a simplified model of potential deviations, as true displacements 
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are likely to vary along the ring curvature. Additionally, the use of point doses 
(A1, A2, A3, and A4) provided a focused geometric assessment but did not include 
volumetric dose metrics such as D2cc or D90, which could better capture the overall 
dosimetric effect on target and organ volumes. Volumetric dose metrics such as 
D2cc are now the standard for OAR assessment because they better reflect the dose 
delivered to clinically relevant tissue volumes and have been shown to correlate 
more strongly with late toxicity risk than point-dose measurements, particularly 
in regions of steep dose gradients; this approach is explicitly recommended in the 
EMBRACE II protocol for cervical cancer brachytherapy. Lastly, as this was a sin-
gle-institution study, the findings are specific to the equipment and clinical prac-
tices of the hospital involved. 

Despite these limitations, the results provide a valuable baseline for future de-
partmental and multi-institutional studies. Expanding the dataset to include more 
patients and ring applicator sizes, and determining an average percentage error or 
correction factor, could strengthen quality assurance protocols and enhance both 
target coverage and organ-at-risk protection in routine clinical practice. 

6. Conclusions 

This study successfully evaluated the dosimetric impact of source positional devi-
ations within a ring applicator during HDR Ir-192 brachytherapy for gynaecolog-
ical cancers. By systematically shifting the dwell path by ±3 mm from the reference 
trajectory, it was possible to quantify the resulting dose variations to both tar-
get points (A1 and A2) and organs at risk (bladder-A3, and rectum-A4). The 
results demonstrated that even small positional deviations can lead to clinically 
meaningful changes in dose distribution, particularly to the rectum, which showed 
the highest sensitivity to geometric displacement. These findings highlight the steep 
dose gradients inherent in brachytherapy and the precision required in applicator 
positioning, reconstruction, and source path modelling. 

The observed trends are consistent with those reported by Tanderup et al. (2013) 
[4] and Aldrovandi et al. (2025) [5], who emphasized that ring applicators are prone 
to position-dependent offsets due to their curvature and the mechanical charac-
teristics of the source wire. The present study reinforces this evidence by demon-
strating that posterior deviations can substantially increase rectal dose exposure, 
underscoring the importance of precise applicator alignment and robust quality 
assurance procedures. 

Clinically, these results underline the necessity for accurate digitization, appli-
cator verification, and continuous TPS model refinement to ensure that the deliv-
ered dose closely matches the planned dose. Incorporating improved geometric 
modelling and offset correction tools within the TPS, or developing standardized 
departmental correction factors, could further minimize dosimetric uncertainties.  
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