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Background and purpose: In vivo dosimetry is not standard in brachytherapy and some errors go undetected. The
aim of this study was to evaluate the accuracy of multi-channel vaginal cylinder pulsed dose-rate brachytherapy
using in vivo dosimetry.

Materials and methods: In vivo dosimetry data was collected during the years 2019-2022 for 22 patients (32
fractions) receiving multi-channel cylinder pulsed dose-rate brachytherapy. An inorganic scintillation detector
was inserted in a cylinder channel. Each fraction was analysed as independent data sets. In vivo dosimetry-based
source-tracking was used to determine the relative source-to-detector position. Measured dose was compared to
planned and re-calculated source-tracking based doses. Assuming no change in organ and applicator geometry
throughout treatment, the planned and source-tracking based dose distributions were compared in select vol-
umes via y-index analysis and dose-volume-histograms.

Results: The mean + SD planned vs. measured dose deviations in the first pulse were 0.8 + 5.9 %. In 31/32
fractions the deviation was within the combined in vivo dosimetry uncertainty (averaging 9.7 %, k = 2) and
planning dose calculation uncertainty (1.6 %, k = 2). The dwell-position offsets were < 2 mm for 88 % of
channels, with the largest being 5.1 mm (4.0 mm uncertainty, k = 2). 3 %/2 mm y pass-rates averaged 97.0 %
(clinical target volume (CTV)), 100.0 % (rectum), 99.9 % (bladder). The mean + SD deviation was —1.1 + 2.9 %
for CTV D98, and —0.2 + 0.9 % and —1.2 + 2.5 %, for bladder and rectum D2cm? respectively, indicating good
agreement between intended and delivered dose.

Conclusions: In vivo dosimetry verified accurate and stable dose delivery in multi-channel vaginal cylinder based
pulsed dose-rate brachytherapy.

1. Introduction

Image guided brachytherapy is essential for gynaecological cancer
radiotherapy enabling highly conformal dose-plans [1-5]. Compared to
high dose-rate (HDR) brachytherapy, pulsed dose-rate (PDR) brachy-
therapy potentially exhibits superior radiobiological effect and optimi-
sation through tissue repair kinetics [6-10]. However, PDR
brachytherapy is a complex procedure, often delivered as hourly pulses
over a > 20-hour period, increasing risks of errors.

Multi-channel vaginal cylinder (MVC) applicators are suited for

specific diseases. Its rigidness warrants accurate dose delivery. However,
processes within brachytherapy could cause source position offsets,
including erroneous applicator registration and wrongly connected
guide-tubes, with adverse consequences [11-13]. Such errors are likely
underreported [14], and the clinical detriment difficult to estimate.

In vivo dosimetry (IVD) studies have shown dose offsets of 37 % in
gynaecological brachytherapy [14-19] attributed to suboptimal detec-
tor positioning. Two studies utilized time-resolved dosimetry capable of
detecting errors not resolved by accumulated dose measurements [20].
Tanderup et al. used diode arrays [19], while Belley et al. used fiber-
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coupled inorganic scintillation detectors Tanderup et al. exploited the
temporal information for geometric validation but measured dose in the
rectum. Belley et al. measured the dose within target areas, but did no
geometric validation [18]. Hence, in contrast to prostate cancer
brachytherapy [20-24], in-target IVD-based geometric validation target
has not been performed for gynecological brachytherapy.

The aim of this study was to investigate the dosimetric accuracy of
image-guided MVC-based PDR brachytherapy using time-resolved IVD
with an inorganic scintillation detector, and quantify the effect of dwell-
position instabilities on clinical parameters such as dose volume histo-
grams (DVH) and y-index pass-rates.

2. Materials and methods

IVD data was obtained from 24 patients (48 fractions) treated with
MVC PDR brachytherapy for gynaecological cancer between January
2019 and September 2022 at Aarhus University Hospital. Based on nine
inclusion criteria, 22 patients (32 fractions) were selected for analysis
(Supplementary Material S1). Each fraction included applicator inser-
tion and treatment planning independent from previous fractions.
Hence, each fraction was considered an independent treatment.

2.1. Patients and treatment

Patients were treated with external beam radiotherapy followed by
two fractions of magnetic resonance image-guided PDR brachytherapy
(20 hourly pulses). Dose delivery was optimised for equivalent dose at 2
Gy per fraction [25,26]. The cumulative dose was 45 Gy in 25 fractions
for external beam radiotherapy and 30 Gy in two fractions for brachy-
therapy. Radiation was delivered with a GammaMed PDR !°%Ir Plus
source (Varian Medical Systems, US). The applicators were plastic MVCs
with 1.2 mm diameter channels through the centre and along the pe-
riphery (Fig. 1a). The central to outer channel distances were 11 mm (in-
house made), 12.5 mm, and 15 mm (Varian Medical Systems, US).
Treatment planning was performed using Brachyvision (Varian Medical
Systems, US).

2.2. In vivo dosimetry and data collection

IVD was performed with an in-house developed inorganic scintilla-
tion detector as a part of the clinical protocol. The sensitive volume was
a ZnSe:O crystal (0.5 x 0.5 x 1.0 mms, ISMA, Ukraine) coupled to a
photodetector (S8746-01Si-diode, Hamamatsu, Japan) via an optical
fibre (@: 0.5 mm, GH-2001-P, Eska Mitsubishi Rayon Co., Japan)
(Fig. 1b). The photodetector signal was recorded in Volts (at 20 Hz rate)
via a data acquisition device (USB2408, Measurement Computing, UK),
and a single-board computer (Raspberry Pi v3.0, Raspberry Pi Ltd., UK).

Before each treatment, the detector was calibrated with a previously
described method [27]. A spare MVC channel was chosen to house the
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detector. After guide-tube connection, the detector probe was put in this
channel and fixed with a locking mechanism to ensure positional sta-
bility. The distance between the detector tip and locking mechanism was
used as the distance between the marked detector position and channel
entrance in the treatment plan. If the probe detached from the MVC
(primarily due to large patient movements), the IVD procedure was
stopped. Thus, some fraction measurements constitute less than 20
pulses.

2.3. Data analysis

The data was anonymised and analysed post-treatment in accor-
dance with the obtained approval to use the data. The measured signal
was segmented into three levels of detail: pulses, channels, and dwells
(Fig. 2). The dose-rate for each dwell-position was determined using eq.
(2.1) adopted from other studies [28,29],

- meas

Dw.Q.i(Ziv Xis Zdet xdet) = ND.W.Qo'kQ.Qg (Zi7 Xi, Zdet s xdet)'Mmeas,i (21)

‘i’ represents the dwell-position number and ‘det’ the detector posi-
tion. M. is the mean measured signal at each dwell-position (Fig. 2d,
only innermost 90 % to exclude edge-effects). Np,, q, is the calibration
factor. kqq,(2,X) is a position dependent radiation quality correction
factor [27,30,31].

A study showed that the dwell-time during delivery matches with the
treatment plan dwell-times within 0.15 s [22]. Hence, the measured
dose for each dwell-position was calculated by multiplying the measured
dose-rate with the planned dwell-times. The measured dose at the de-
tector position (henceforth referred to as detector dose) per pulse was
calculated as the contribution from all dwell-positions. The fractional
detector dose was calculated by summing the individual pulse
contributions.

The detector mark in the treatment plan was found to be imprecise.
The detector position was therefore determined based on the IVD data
via source-tracking as in previous studies [23,32]. For each pulse the
detector position within its channel was updated to its most likely po-
sition based on the measured signal, using cylindrical coordinates
(Fig. 3a). The z-axis was defined as the long axis of the MVC originating
at the detector sensitive volume. The x-axis was the radial distance be-
tween the detector and source channels (Fig. 3a). The most likely rela-
tive detector-to-dwell positions were determined as the coordinates
(Z,x') minimising

(2.2)

Z fM (2,7 x,7 ND.W,QQ) - Mmeas (2/7 x’) ’
(z%) ’

OM(7 x))
with Mineqs (%, ') and 6p» x) being the measured mean and one standard

deviation (SD) of the signal for a given dwell-position respectively
(Fig. 2d), and fu (2, x’) being a function providing the expected signal at
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Fig. 1. a) Cross-section of an MVC applicator. b) PDR brachytherapy and in vivo dosimetry setup. PDR.
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Fig. 2. a) Example of the raw IVD signal from a PDR brachytherapy treatment. Zoom-ins of the signal are presented for a b) pulse, c) channel, and d) dwell-position.
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Fig. 3. a) Example sketch of detector- and dwell-positions within a MVC showing, the detector position marked in the treatment plan (transparent orange) and after
measurement-based fit (solid orange). b) b) Detector position optimisation example showing the expected (squares) and measured (dots) signal vs position and fit
(dashed line) to the data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Dy, 145 is the TG-43 dose-rate [33]. The source and detector’s lon-
gitudinal axes were assumed parallel. The longitudinal inter-dwell-
distances (source stepping length) were assumed to be delivered as
planned (Fig. 3a-b). Only channels with > 4 dwells were used to ensure
robust source-tracking [32]. Two sets of relative source-to-dwell posi-
tions were defined, the planned and tracked set. For the planned set, the
x-coordinates were defined as the radial distances between the detector
and dwell-positions dictated by the MVC geometry, while the z-co-
ordinates were defined as the mean of the tracked most likely detector z-
position in all channels. For the tracked set, the most likely x-coordinates
based on measurements were used, enabling validation of MVC delin-
eation, and the z-coordinates were defined as most likely detector z-
coordinate based on measurements for each individual channel relative
to the mean z-coordinate in the planned set.

Source-tracking was  performed for 154/192 channels
(supplementary material S1). The detector dose was calculated for the
two sets of detector-to-dwell positions and compared to the measure-
ments. The tracking uncertainty was based on the source-tracking al-
gorithm and calibration uncertainty [31,32]. The most accurate tracking

(<1 mm uncertainty, k = 2) was reached if dwell-positions spanned
across the x-axis relative to the source (Fig. 3a), while the number of
dwell-positions had negligible effect.

The temporal geometric stability of all treatments was evaluated by
comparing the measured dose and positions across pulses.

Dosimetric stability was considered for the clinical target volume
(CTV), rectum, and bladder. The volume of interest (VOI) geometries
and position relative to the MVC were based on plan delineations.
Hence, potential anatomical changes including shift of the MVC relative
to anatomy was unaccounted for. This was considered the best option, to
include anatomical information not obtained with IVD, but is a limita-
tion of the study. The VOIs were chosen to investigate measured effects
in patient geometries and minimize clinically irrelevant dose discrep-
ancies. The VOI dose distributions for the planned and tracked dwell-
positions were calculated for all fractions and pulses in 1 mm? voxels.
Only longitudinal dwell-position shifts were included since, due to the
MVC rigidness, radial shifts were primarily ascribed to methodology
uncertainties. y-index pass-rate analysis (henceforth y-analysis) was
performed for each fraction and pulse. 23 CTVs (27 bladders and rec-
tums) were included (supplementary material S1). y-analysis was per-
formed with a global 3 %/2 mm pass criteria, excluding doses below 10
% of prescribed dose, as recommended for intensity modulated radio-
therapy (IMRT) by the American Association of Physicists in Medicine
[34].
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Offsets in D98 of the CTV and D2cm? of the rectum and bladder were
calculated for the first pulse.

3. Results
3.1. Comparison with treatment plan

The measured and calculated dose (first pulse) agreed within the
combined, k = 2, uncertainties of the measurements (averaging 9.7 %)
and planned dose (~1.6 %) for 31/32 fractions (Fig. 4a). The mean + SD
of the planned-measured detector dose across all fractions and pulses
was 0.8 + 5.9 % (Fig. 4e). Correcting for the tracked positional off-sets
reduced the mean + SD of the deviation between measured and calcu-
lated dose to 0.1 & 1.0 % (Fig. 4a and e). No correlation was observed
between fractions within the same patient.

The tracked positions agreed with the treatment plan within the IVD
uncertainties (k = 2) for 149/154 catheters considering both directions
(Fig. 4b—c). The largest tracked offset (first pulse) for a channel was
radially —3.5 mm (tracking uncertainty: 3.9 mm, k = 2) and longitu-
dinally —4.3 mm (tracking uncertainty: 0.5 mm, k = 2). Across all
fractions and pulses the mean + SD of the offsets were —0.1 + 1.1 mm
radially and 0.0 + 1.1 mm longitudinally (Fig. 4f-g). Offsets < 2(>3)
mm were observed in 92.4(0.6)% (radial) and 94.4(2.0)% (longitudinal)
of channels across all pulses. The largest offset was 5.1 mm longitudi-
nally (tracking uncertainty: 4.0 mm, k = 2).

The mean of the y-index pass-rates were 97.0 % (CTV), 100.0 %
(rectum), 99.9 % (bladder). Five fractions had pass-rates below 95 % in
the CTV for the first pulse. Two of these fractions had pass-rates below
90 % (Fig. 4d).

The overall mean + SD of the deviation between planned and
recalculated (based on source-tracking) CTV D98 was —0.2 + 0.4 Gy
(=1.1 4 2.9 %). For the rectum and bladder D2cm? it was —0.0 & 0.1 Gy
(—=0.2 £ 0.9 %) and —0.1 + 0.2 Gy (—1.2 £+ 2.5 %) respectively. The
largest offset of CTV D98 during the first pulse was —15.2 % (Fig. 4d).
The largest offsets for D2cm® in the rectum and bladder were —2.9 %and
—11.7 %respectively.

3.2. Pulse-to-pulse variation

The deviation between measured dose in the first pulse relative to the
subsequent pulses changed from a mean + SD of —0.1 + 0.8 % (pulse 2)
to 0.6 £ 3.5 % (pulse 20) (Fig. 5a). The radial offsets relative to the first
pulse increased across all fractions from a mean + SD of 0.0 + 0.3 mm
(pulse 2) to 0.0 + 0.7 mm (pulse 20) (Fig. 5b). The values for the lon-
gitudinal offsets were 0.0 & 0.7 mm (pulse 2) to 0.0 + 1.0 mm (pulse 20)
(Fig. 5b). The increasing SD of the positional offsets were mainly
dominated by inter-fraction variations. Individual fractions generally
fluctuated less than indicated by the presented SD but could systemat-
ically shift with increasing pulse number.

4. Discussion

Analysis of time-resolved IVD data during 32 MVC-based PDR
brachytherapy fractions indicated good agreement between planned
and delivered dose and treatment geometry in terms of relative dwell-
positions, with high stability throughout the entire treatment.

The deviations between the planned and measured dose ranged from
—15 to + 15 % with an SD of 5.9 % (k = 1). This is in good agreement
with previous IVD studies on gynaecological brachytherapy, which re-
ported SD in the range of 5-9 % [14-19]. The geometric precision found
in this study was also similar to the ~2 mm applicator-diode distance
reported by Tanderup et al. [19]. The deviation in dose and dwell-
positions could be largely explained by uncertainties related to image-
based applicator reconstruction and detector position. In this study,
the measured detector dose was stable during the entire treatment, with
a small increase in the SD (from 0.8 % to 3.5 %) of measured dose
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relative to the first pulse as function of pulse number (Fig. 5a). This
coincides with the 5 % found by Tanderup et al. [19] Thus, measure-
ments suggested that treatment was delivered as planned during the first
pulse and stayed stable throughout treatment.

For the CTV a high concordance between planned and recalculated
dose distribution was observed with a mean y-index pass-rate of 97.0 %.
For source quality assurance in IMRT, the American Association of
Physicists in Medicine recommends a 95 % tolerance and 90 % action
level limit [34]. With those limits, 3/23 fractions would not fulfil the
tolerance criterion, while two treatments would not fulfil the action
criterion (Fig. 4d). However, dose distribution in IMRT quality assur-
ance is much more homogeneous, and highly controlled. Thus, these
tolerance limits might be too strict for brachytherapy. Two HDR
brachytherapy phantom studies reported a pass-rate of 95.9 % (1 %/1
mm pass criterion for the area with > 50 % of prescribed dose) [35] and
> 99.8 % (3 %/3 mm pass criterion) [36] respectively. This indicates
that pass-rates like those in IMRT might be expected in brachytherapy,
though these examples are likely not representative of in vivo y-analysis.
While this study cannot provide tolerances for y-index pass-rates,
especially considering the assumption of a stable anatomy, it provides
an initial estimate of what values might be expected in PDR brachy-
therapy. The pass-rates in the rectum and bladder were all larger than
98 %. The high pass-rates indicate that planned tumour coverage and
sparing of organs at risk are robust towards positional shifts of the source
of the magnitudes measured in this study. A former study on catheter-
based HDR brachytherapy for prostate cancer, indicated that a 3 mm
displacement of a catheter could lead to 5 % dose change in the prostate
gland [37]. Only 3/154 channels in this study had displacements of that
magnitude, potentially explaining the high pass-rates. Thus, the
observed displacements likely have limited clinical relevance.

The fraction with the lowest y-index pass-rate in the CTV, had the
largest change in the CTV D98 (patient 5, fraction 1, y = 74.1 %, A D98
=-15.2 %). Its largest positional offset of a channel was 2.0 + 0.8 mm (k
= 2), smaller than those reported for significant dosimetric change in
prostate treatments [37]. However, for this treatment, a longitudinal
shift of the channels would move dwell-positions directly towards/away
from a significant portion of the CTV (Fig. S2a), making its dose
coverage sensitive to positional displacements. Patient 12, fraction 1,
showed the second smallest y-index pass-rate (87.2 %), but a smaller
change in CTV D98 (—3.5 %), despite a larger longitudinal offset of a
channel (4.0 + 4.0 mm, k = 2). The reason might be less sensitivity to
longitudinal offsets, since here they would not move dwell-positions
directly towards/away from any part of the CTV (Fig. S2b). Similarly,
Jorgensen et al. [23] observed that some catheter shifts in prostate HDR
brachytherapy of >1 cm did not cause clinically relevant changes to
DVH parameters in some patient geometries. Thus, poor y-index pass-
rates do not necessarily correspond to worse dose coverage suggesting
that accuracy requirements could be plan specific.

Limitations of this study are the lack of independent calibration and
absolute positional information relative to patient anatomy. Indepen-
dent calibration is necessary to detect source calibration or source
strength errors. Additionally, if the MVC applicator is displaced, the
detector will follow. Thus, it can only provide information on the rela-
tive geometry within the MVC. Positional changes in relation to the
patient anatomy are not resolved, and the accuracy of the DVH
parameter and y-index pass-rate is unknown. A possible solution could
be to combine the detector with imaging panels that have shown po-
tential for anatomical imaging, utilising the brachytherapy radiation
[35]. However, the IVD system allows detection of other errors, such as
channel swaps, wrong guide-tube lengths, and dwell-time errors
[14,20].

Source-tracking was applicable to 80 % of channels. The impact of
non-tracked channels on the analysis depends on their dwell-times and
proximity to VOIs. In this study 27/32 fractions had <10 % contribution
to the total dwell-time from channels with less than four dwells (Fig. S3).
If their distance to VOIs is relatively large, positional errors have limited
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clinical impact, though short distances might warrant concern. For 5/32
fractions the channels with four or less dwell-positions constituted a
major fraction of the total dwell-time, though these were not included in
the DVHs and y-analysis since they only had source-tracking performed
for a single channel. The agreement between measured and planned
detector dose indicates that these channels did not cause large dis-
crepancies, but future studies should include their uncertainty
contribution.

In conclusion, the IVD method validated the relative geometry and
dose distribution of PDR brachytherapy, showing good agreement be-
tween plan and delivery. Potentially, clinics can use the combined in-
formation of the intended treatment and IVD information to address
positional and dosimetric offsets.
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