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ABSTRACT PURPOSE: Even though High Dose Rate (HDR) brachytherapy has good treatment outcomes
in different treatment sites, treatment verification is far from widely implemented because of a
lack of easily available solutions. Previously it has been shown that an imaging panel (IP) near
the patient can be used to determine treatment parameters such as the dwell time and source
positions in a single material pelvic phantom. In this study we will use a heterogeneous head
phantom to test this IP approach, and simulate common treatment errors to assess the sensitivity
and specificity of the error-detecting capabilities of the IP.

METHODS AND MATERIALS: A heterogeneous head-phantom consisting of soft tissue and
bone equivalent materials was 3D-printed to simulate a base of tongue treatment. An High Dose
Rate treatment plan with 3 different catheters was used to simulate a treatment delivery, using
dwell times ranging from 0.3 s to 4 s and inter-dwell distances of 2 mm. The IP was used to
measure dwell times, positions and detect simulated errors. Measured dwell times and positions
were used to calculate the delivered dose.

RESULTS: Dwell times could be determined within 0.1 s. Source positions were measured with
submillimeter accuracy in the plane of the IP, and average distance accuracy of 1.7 mm in three
dimensions. All simulated treatment errors (catheter swap, catheter shift, afterloader errors) were
detected. Dose calculations show slightly different distributions with the measured dwell positions
and dwell times (gamma pass rate for 1| mm/1% of 96.5%).

CONCLUSIONS: Using an IP, it was possible to verify the treatment in a real-
istic heterogeneous phantom and detect certain treatment errors. © 2022 The Au-
thors. Published by Elsevier Inc. on behalf of American Brachytherapy Society.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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High-dose-rate (HDR) brachytherapy has seen many
technological developments over the last years (1), leading
to very good local control rates with lower toxicity rates for
cancer patients with different tumor sites (2-5). However,
with these developments the complexity of the treatment
increased as well, making it more prone to human error
(6,7). These errors often stay unnoticed and could result
in underdosing of the target volume, and overdosing in
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surrounding tissues and organs at risk. Real-time in vivo
dosimetry (IVD) would allow for determination of the dose
that was actually delivered and potential adjustment of the
treatment plan if needed. The dose can be calculated post
treatment, by using the measured dwell times and source
positions. This method has been recommended by the ES-
TRO task group for in vivo dosimetry in brachytherapy (8).
Real-time treatment verification could alert the clinical per-
sonnel during the treatment and allow them to adjust the
procedure or interrupt it, provided that the uncertainty of
the system is low enough (8).

Currently, there is no widespread clinical method to ver-
ify their brachytherapy treatments in real time as there are
no commercially available methods. Different methods are
being explored, such as internal point dose detectors (9,10)
and imaging panels (IP) (11,12). The latter option uses an
external IP to detect photons coming from the Iridium-192
source during the treatment. A benefit of this approach is
that not just catheter movement, but also movement of the
entire template or applicator can be detected, which is not
possible with internal detectors that are integrated into the
template or applicator. In previous work it was shown that
an IP could be used to verify a prostate treatment in a
single-material pelvic phantom, showing accuracy in de-
termining dwell times within 0.1 s and reconstructing the
dwell position with submillimeter accuracy (13). Although
this phantom was modeled using the shape of a real hu-
man and it was possible to insert different materials and
a transrectal ultrasound probe, the accuracy for different
treatment sites needs to be verified if possible with even
more realistic phantoms to test the approach before a fu-
ture clinical trial can be started.

In this study the feasibility of using the IP to verify
brachytherapy treatments was investigated by using a re-
alistic head phantom with different materials, mimicking
soft and bone-like tissues. This phantom was specifically
designed for dosimetry of base in tongue brachytherapy
treatments, as it has cavities fitted for brachytherapy nee-
dles below the chin. Different types of errors were simu-
lated to test what magnitude of errors the system is able to
detect. Ultimately dose calculations were performed using
the measured dwell positions and times and compared to
the dose distribution of the planned positions.

Methods and materials
3D printed phantom

Brachytherapy experiments with phantoms are
commonly performed using homogeneous phantoms
(11,14,15). Although it can be an accurate approxima-
tion depending on the measurement technique (e.g. with
dosimeters close to the source), homogeneous phantoms
are not ideal to evaluate IP based treatment verification
due to unrealistic geometry and scattering conditions.
In addition, photons leaving the patient would cross a

relevant amount of tissue causing beam hardening or
softening (depending on the composition) that can affect
the IP response. We designed and manufactured a realistic
in-house 3D printed head phantom with cavities for needle
placement simulating a base of the tongue treatment.

The phantom was based on a CT scan of a PBU-60
phantom (Kyoto Kagaku, Kyoto, Japan). Patient images
were not used since it would be difficult to guarantee
complete anonymization while using facial reconstruction
methods. The CT scan was segmented into soft and bone
tissue using Hounsfield Unit (HU) thresholds and con-
verted into a 3D model.

The phantom was manufactured using a custom-made
Fused Deposition Modeling printer using two materials.
PLA (C3H40;) was used to mimic soft tissue whilst a cus-
tom filament was used to mimic bone, hereafter referred to
as bone filament. Although PLA filament with copper in-
clusions has been used to mimic bone tissue (16) producing
similar HU values, the material composition will lead to
wrong mass or electron density assignment and dosimetric
properties that are essential in radiotherapy. To overcome
this limitation, a custom bone filament that includes 38%
of calcium carbonate (CaCO0j3), resulting in approximately
15.2% of calcium, was developed by ColorFabb (Belfeld,
the Netherlands) specifically for this project. The bone ma-
terial has a mass density of approximately 1.5 g/cm?, and
a Zeg of approximately 6.25.

Experimental workflow

In Fig. 1 the experimental workflow of the activities
performed to realize IVD for the 3D printed phantom can
be found. All data analysis was done using Matlab 2019b
(Natick, MA).

In preparation for the treatment delivery, a CT acquisi-
tion of the head phantom with holder, inserted brachyther-
apy needles and markers had to be obtained. The CT was
made using a SIEMENS SOMATOM Confidence scanner,
using a slice thickness of 1 mm for the acquisition. The
lead ball-shaped markers (The Suremark Company, Simi
Valley) have a diameter of 2 mm and were placed on the
phantom so that their projection would be visible on the
IP image.

A treatment plan was created using the treatment plan-
ning system (TPS) BrachyVision (version 16, Varian Med-
ical Systems, Palo Alto) based on CT images of the phan-
tom. This resulted in a plan where all 3 catheters consisted
of 20 dwell positions with an interdwell distance of 2 mm
and a dwell time ranging from 0.3 to 4.0 seconds.

Experimental setup

The measurement itself is performed with the head
phantom positioned on the treatment couch and the IP
to the side of the head (Fig. 2a) or below the couch
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Imaging and planning

External markers on the phantom are defined on the CT
using the TPS.

CT image acquisition and treatment plan creation using the TPS. ]

\ 4
Measurements ]

The plan is executed by the afterloader, during which
the IP acquires images continuously.

Y
e B

Data analysis

Dwell times are determined, after which all IP acquisitions
during a dwell position are combined to a single image.
Projections of the fixed markers are detected automatically and
used to reconstruct the position.

The skin marker pojections are detected to verify the relative
position of the phantom to the IP.

v

Dose calculation

Monte Carlo code to determine the dose distribution.

Gamma maps are calculated to compare planned dose to
measured dose.

Dwell times and positions are imported into the ]

Fig. 1. Overview of the used experimental workflow to perform treatment
verification in the 3D printed head phantom. (TPS =treatment planning
system). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Imaging panel

Head phantom

(Fig. 2b). The experiments were performed using a Gam-
maMed Plus HDR 192-Ir source and GammaMed Plus iX
afterloader (Varian Medical Systems). The used IP (PAXS-
CAN 2530HE, Varex Imaging), has a detection area of
24.5 x 30.2 cm?, with 1792 by 2176 pixels and 0.139 mm
resolution. As determined to be the optimal settings in
previous research (13), the 2 x 2 pixel binning mode was
used. Binning was beneficial, because it allows for a higher
frame rate (10 fps), requires less storage data, and the full
image resolution is unnecessarily high for our purposes,
for which 0.28 mm suffices. The intended position of the
IP will be either on the lateral side of the patient, or be-
low the treatment table (see Fig. 2b). Due to the fact that
the table will attenuate gamma rays coming from the '%*Ir
source, its effect on the IP acquisitions had to be investi-
gated. The distance of the surface of the phantom to the
patient was set at 25 cm.

Treatment verification

After the measurement, dwell times were determined by
the IrIS (Iridium Imaging System) software, which detects
when the source is moving or at rest by comparing the
pixel intensities in consecutive acquisitions (13). All peri-
ods where the source was at rest for multiple time frames
were considered dwell positions. Subsequently all frames
of a single dwell position were combined to obtain a single
combined image for every dwell position (Fig. 3b).

Head phantom

Fig. 2. Overview of the experimental setup. Figure (a) shows the experimental setup where the IP is positioned to the side of the patient. The distance
between phantom and panel has been slightly increased in this image for a better view. In yellow the coordinate system used to define dwell positions is
visualized. Figure (b) is the experimental setup where the IP is located below the treatment table, and figure (c) shows a CT image of the head phantom
in BrachyVision. The markers are visible in the back of the head, indicated by the cyan crosses. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. (a) shows how the radiopaque markers on the surface are used to register the position of the phantom relative to the IP. The surface markers
are projected on the panel, and using calculated predicted projections the position of the phantom during the measurement can be reconstructed. Source
position is marked with a red cross. (b) is an example of an image acquisition, with the projections of the radiopaque markers visible (three large markers
are phantom surface markers, the five smaller ones are the fixed markers). (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

In each combined image the radiopaque markers could
be detected automatically. The markers on the surface of
the phantom could be used to determine the position of
the IP in the coordinate space of the CT image by com-
paring them with the calculated positions. The positions
of the markers and the patient contours were imported
into Matlab from the TPS, to simulate where the mark-
ers would seem for each dwell position (Fig. 3a). Using
these predicted projections, the position of the IP could be
approximated. The optimal position of the fiducial markers
depends on the patient geometry and the relative positions
of the catheters and the panel. In this case it was deter-
mined by trying to find positions where they would be
projected on the panel for the maximum number of dwell
positions.

A second set of markers was integrated in a 3D printed
holder that was fixed on the panel to determine the position
of the source (Fig. 2a). Their exact position relative to
the panel is known, and therefore the projections of these
markers can be used to reconstruct the source position. The
same approach was used in previous research (13). Both
sets of markers can be distinguished on the panel as due to
magnification, the surface markers show larger projections
on the panel compared to the fixed markers.

Simulated errors

Besides the plan obtained from the TPS, slightly mod-
ified plans were delivered as well to simulate potential
errors that could occur during a brachytherapy treatment.
Tanderup et al., defined a list of possible treatment errors
that could occur during a brachytherapy treatment, and how
relevant IVD could be in detection (6). The following er-
rors with a major relevance for IVD were simulated:

- Wrong dwell time: due to a malfunctioning afterloader,
or a software error when importing from the TPS, a

dwell time is longer or shorter than planned. This error
was simulated by manually adjusting the dwell time in
the afterloader.

Skipped dwell position: single or multiple dwell posi-
tions in a single catheter are skipped. This error could
be detected when looking at the dwell times, as there
will be less dwell positions detected than would be ex-
pected from the plan. This was simulated by setting the
dwell time of some dwell positions to O s.

catheter movement: the catheter is not in the same po-
sition as it was during planning. This can occur when
the catheter is pulled out a few millimetres by patient
movement, or by a displacement caused by internal mo-
tion, if the position of the catheter changes relative to
the surrounding organs. The first scenario was simulated
by doing a series of measurements while increasing the
"offset" of the afterloader and keeping the catheter in
the same position, thus effectively shifting all dwell po-
sitions by this offset. Internal motion was not simulated
due to the phantom being solid.

Interchanged guide tubes: this type of error can only
be determined by reconstructing the source position, as
the dwell times will not be altered. This error can be
simulated by manually switching two catheters.

The sensitivity that is required for each error type was
estimated in Table 1.

Dose calculation

The difference in dose between the planned and deliv-
ered dose was calculated using Monte Carlo simulations in
MCNP6 version 1.0 (17). MCNP was used because it al-
lows for more straightforward implementation of the mea-
sured dwell times and source positions, as it is quite diffi-
cult to import altered plans into our clinical TPS system.
The created plan and CT were imported in AMIGOBrachy
(18) where input files were generated, using HU threshold-
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different treatment error types with the estimated sensitivity required to detect them and the detection method.

Error type

Estimated required sensitivity

Detection method

Wrong dwell time
Skipped dwell position

Catheter movement

Interchanged guide tubes

<0.1s
<1 mm (depends on interdwell distance)

<1—5 mm (depends on clinical relevance, for example
surrounding organs)
<1—5 mm (depends on distance between catheters)

Comparing intensity values

Source position reconstruction and dwell
time measurement

Source position reconstruction

Source position reconstruction

Table 2

Average displacement of all dwell positions found split by dimension and

the total displacement.

Measurement X (mm) Y (mm) Z (mm) Total (mm)
No offset 0.0 £ 0.6 0.0 £0.8 0.0 £ 1.7 1.7 £ 0.8
Offset 1 mm 1.0 £ 0.6 0.6 £ 0.7 -0.6 £ 1.3 1.8 £ 0.8
Offset 2 mm 2.0 £ 0.6 0.7 £ 0.7 -0.1 £ 1.6 2.6 £09
Offset 3 mm 29 + 0.5 1.0 £ 0.7 0.1 £ 1.4 33+£0.7
Offset 4 mm 3.8 £ 0.6 1.1 £ 0.9 03 £18 44 £0.8

ing to convert the CT image into materials with different
densities and compositions. The dose was recalculated us-
ing the coordinates and dwell times that were measured, to
verify the impact on the dose. Both the plan with original
dwell positions, and the plan with the measured positions
were simulated with MCNP using the same settings for all
calculations (10'° particles), only adjusting the positions
of the dwells.

Results
3D printed phantom

The printed phantom was evaluated by a uniformity
analysis of the CT scan (120 kV). There are some air
gap artefacts caused by the layered printing (visible in
Fig. 2c) affecting mostly the soft tissue region that was
printed with a larger nozzle and lower resolution than the
bone filament region to minimize printing time. The soft
tissue had a mean HU value of 107 £ 51, and the bone
mimicking material had a HU of 622 £ 135.

Dwell time measurements

The dwell times were measured for all catheters and
dwell positions by comparing the change in total inten-
sity values between consecutive acquisitions. Results can
be found in Fig. 4. The average absolute difference for
all dwell positions combined between the planned and de-
tected dwell times was 0.002 + 0.013 s when measured
from below the table, and 0.007+0.025s when measured
from the side. A paired sample t-test was performed on the
measured dwell times below and beside the head phantom,
which showed that there was no statistically significant dif-
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Fig. 4. Overview of the dwell times with planned dwell times (blue), measured dwell times with the IP below the table (red) and with the IP on the
side of the patient (yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Reconstructed source positions of the three catheters. The panel
is positioned in the XY-plane on the side of the patient, so the Z-axis
represents the distance from the panel. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web
version of this article.)

ference between the two (p-value of 0.57). The biggest de-
viations are observed in the first and last dwell positions
(up to 0.1 s).

Dwell positions

The source position during every dwell position was re-
constructed using the detected positions of the fixed marker
projections, with the panel located to the side of the pa-
tient. In Fig. 5 an overview of source reconstruction for the
original plan can be found compared to the planned po-
sitions. The mean difference (and one standard deviation)
between the planned and reconstructed source positions for
all three catheters is 0.5 & 0.3 mm in the X dimension,
0.7 £ 0.4 mm in the Y dimension and 1.4 £ 0.9 mm
in the Z dimension. Combined this gives a total average

T. van Wagenberg et al. / Brachytherapy 22 (2023) 269-278

error of 1.7 = 0.8 mm. These values include systematic
errors from the registration method, and movement of the
catheter between imaging and measurement. This error can
be reduced by registering the found dwell positions to the
planned positions, yielding a value that is more represen-
tative of the errors caused predominately by the position
reconstruction method that was implemented. This leads
to a slightly higher accuracy, 0.2 &+ 0.1 mm for X, 0.6 +
0.4 mm for Y and 1.2 £+ 0.8 mm in the Z dimension, and
gives a combined average error of 1.4 £ 0.8 mm.

In Fig. 6 boxplots of the difference between the planned
and measured positions can be found for all three dimen-
sions. Due to the orientation of the catheter and positioning
of the phantom compared to the panel, increasing the offset
will move the dwell positions predominantly in the X di-
mension, and also somewhat in the Y dimension. This can
be seen in Fig. 5, where the average position of all mea-
sured dwells compared to the planned dwells is shown for
the different offsets that were introduced. The predicted
average change in position is shown with a black cross
as a comparison, which was approximately 0.94 mm in
X, 032 mm in Y and 0.06 mm in Z for every mm off-
set. Table 2 shows the displacement for all dimensions, and
it can be noted that the standard deviation of the Z coor-
dinates found where much higher than those in X and Y.

Dose calculations

The calculated dose with the planned dwell positions
was compared to the recalculated dose based on the mea-
sured dwell positions. Both dose distributions were ob-
tained from Monte Carlo simulations. In Fig. 7 the dose
distributions are visualized with isodose lines, superim-
posed over the planning CT image.
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Fig. 6. Distribution of the difference per dimension between the reconstructed source positions and the planned positions. The offset of the source was
increased from O to 4 mm. The black crosses indicate the expected movement based on the catheter orientations. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Splanned

V= measured

Fig. 7. Isodose lines of the dose distributions calculated with MCNP. The solid line shows the dose distribution when the planned dwell position and
times are used as input, the dashed lines shows the isodoses when calculated with the reconstructed positions and times. (a) shows an overview of all
three catheters, (b) is zoomed in on a single catheter to better show the difference between the isodoses. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Gamma maps showing the voxels that pass the dose difference and distance to agreement criteria (green) and do not pass (red/blue). (a) gamma
map of the measured dose (no offset) compared to the planned dose, using a gamma criterion of lmm/1%. (b) gamma map with a criterion of 1 mm/1%
comparing the offset of 4 mm to the planned positions in the sagittal plane to show the effect of this introduced offset. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

The dose can be compared using a gamma analysis,
see Fig. 8. A strict gamma criterion of 1mm/1% leads
to a gamma passing rate of 86.6% in the "tumor area,"
which was defined as the area where the planned dose was
95% of the prescribed dose or higher. If we take a larger
area of interest, for example, where the dose is higher
than 50% of the prescribed dose, the pass rate increases to
95.9%, as the failing voxels are all close to the catheter.
Table 3 shows the pass rates for more lenient gamma
criteria.

The dose of the offset cases that simulate the catheter
moving out of the patient was also calculated, and the
passing rates can be found in Table 3. The passing rate
goes down when the offset increases.

Discussion

In this work it was shown that dwell times and source
positions of a brachytherapy treatment in a static head
phantom can be verified using an IP. Additionally, several
common treatment errors were simulated and these could
be detected by the system.

Even though the phantom used in this study is an im-
provement on those used in earlier studies due to its real-
istic geometry and use of different materials, it has to be
acknowledged that the densities and corresponding HU val-
ues of the phantom can still be improved upon. Ideally the
density of the bone structures in the phantom would have
been lower; however it is difficult to find filaments and
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Pass rates of different measurements and gamma criteria, where the dose calculated with the planned positions is compared to the dose calculated with

the measured positions

Gamma crit. Pass rate (dose >50% prescribed) Pass rate (dose >95% prescribed)

1 mm/1% 1 mm/3% 1 mm/10% 1 mm/1% 1 mm/3% 1 mm/10%
No offset 95.9% 98.9% 99.8% 86.6% 95.6% 99.1%
Offset 1 mm 94.4% 98.6% 99.8% 82.4% 95.0% 99.2%
Offset 2 mm 93.2% 98.4% 99.7% 77.2% 93.5% 99.0%
Offset 3 mm 91.2% 97.8% 99.6% 71.2% 91.7% 98.6%
Offset 4 mm 82.9% 95.1% 99.2% 58.3% 83.7% 97.0%

printing settings that precisely match human tissue prop-
erties.

The dwell time could be determined within 0.002s with
a frame rate of 10 fps. This margin of error was much
lower than the smallest dwell time error that was possible
to simulate (0.1 s), so all dwell time errors could be de-
tected. The relatively high error for the first dwell could be
caused by the different approach used by the afterloader
to determine the dwell time for the first dwell position
(19). Higher frame acquisition rates could yield better re-
sults, but also rapidly increases the amount of data gen-
erated. The higher attenuation caused by the table did not
cause significantly worse results in determining the dwell
time.

Dwell positions can be reconstructed with an accuracy
of 1.7 mm, of which 1.4 mm can entirely be attributed on
the uncertainty of the reconstruction method. With this un-
certainty it was difficult to distinguish between two dwell
positions that are next to each other, as the inter dwell dis-
tance was 2 mm. However, errors with bigger magnitudes
can easily be detected, so it was possible to find swapped
catheters. Most of the uncertainty in 3D reconstruction can
be attributed to the "Z dimension," which represents the
distance from the panel. Misdetection of the marker projec-
tions by a small margin has a larger effect on the prediction
of the Z coordinate of the source, as a result of the design
of the holder. The clinical relevance of these uncertainties
is hard to determine, since it depends on the relative posi-
tion of a dwell position compared to the target volume and
organs at risk. This is something that should be examined
in future work. Possibly a holder with increased distance
between the markers would yield more accurate results in
this dimension and allow for more accurate source track-
ing, or even a second orthogonally placed panel could be
used. A panel with a higher resolution could improve the
accuracy of the source reconstruction, and a larger field
of view would allow for improved positioning of the ra-
diopaque markers. Higher density markers should be in-
vestigated as they could allow for more accurate source
tracking.

The surface marker registration method to determine the
location of the phantom compared to the panel also con-
tributes to the uncertainty of the reconstruction method.
Registering the measured set of source positions on the

planned positions can be used to reduce this effect, but
this only works for a static phantom because a patient can
move during the treatment. A method to increase the ac-
curacy could be the use of a surface scanning system that
tracks the external motion of the patient, comparable to
methods that are already being used to track patients dur-
ing external beam therapy (20). To account for internal
motion other solutions could be implemented, for exam-
ple by extracting anatomical information from the panel
acquisitions (21).

Previous results with a pelvic phantom mimicking a
prostate treatment showed similar results in dwell times,
but slightly higher accuracy in determining the dwell po-
sition (13). Where for the pelvic phantom a submillimeter
accuracy was reported, for the head phantom this was up
to 1.4 mm when the systematic error was removed. The
slightly worse results for the head phantom could be ex-
plained by the bone material or the different shape of the
phantom, as the distance between the source and the sets
of markers is different. Another difference is that the pelvic
phantom could be positioned in a rigidly fixed location to
the panel using the holder, which allows for more accu-
rate positioning of the experimental setup. It shows that
more extensive research with different phantoms, setups,
and types of markers has to be performed to determine
the effectiveness for different treatment sites. Additionally,
tests with moving phantoms (for example by using motion
platforms) should be performed to verify the effectiveness
in dynamic cases.

An additional source of dwell position uncertainty that
can occur during brachytherapy treatments is needle mi-
gration between treatment planning and the treatment it-
self (6). Previous research suggests that catheter migration
of more than 3 mm is dosimetrically relevant enough to
make a new dose plan in HDR brachytherapy treatment
for prostate cases (22,23), and a threshold of 2 mm should
be used in cases when dose levels are over 15 Gy (24).
Naturally these threshold values will differ for other treat-
ment sites, depending on the surrounding organs at risk,
but these could be used as a general estimation of the
precision needed. In general, our method would be able
to determine if a catheter is shifted by 1 mm, as shown
by increasing the offset (Fig. 6), if this shift is in the
X—Y plane. The higher uncertainty of the Z dimension
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makes that only shifts of 2 mm or larger can reliably be
detected.

Alternatively, catheter reconstruction could be per-
formed before the treatment using an extra in-room imag-
ing device, such as a ceiling mounted X-ray system (25), or
using electromagnetic tracking (26). These methods have
submillimeter accuracy, but are only used to verify the
catheter position before the treatment and not during treat-
ment. Furthermore, the X-ray systems expose the patient
to additional imaging dose, and the electromagnetic track-
ing requires more advanced equipment. Possibly, a com-
bination of pretreatment imaging, source tracking during
treatment and tracking the motion of the patient could be
a promising approach for the most accurate brachytherapy
treatment verification.

As demonstrated, the actual delivered dose can be re-
calculated using the obtained dwell positions and recon-
structed catheter position during treatment for the dif-
ferent scenarios. Comparing the planned and measured
dose distributions and gamma maps show that there is
a difference in around the catheters, caused by the un-
certainty of the source tracking method. However, since
the pass rate seems to go down somewhat proportion-
ate to the magnitude of the error that was introduced to
the plan, there could still be information derived from
these dose calculations related to the effectiveness of the
treatment.

More research is needed to determine the effect of
other treatment errors on the patient. Nunez et al. already
showed how the effect of treatment errors in prostate cases
can be quantified by simulating them (27), but this is also
needed for other treatment sites as it shows how relevant
it is to perform in vivo dosimetry in brachytherapy.

Conclusion

It was demonstrated with a realistic 3D printed phan-
tom that it should be possible to perform treatment ver-
ification for head and neck cases in brachytherapy us-
ing an IP. Dwell time errors of 0.l1s can be detected,
and the source position can be reconstructed with an ac-
curacy of <1.7 mm, under optimal conditions. This al-
lows for the detection of several commonly occurring
treatment errors, including wrong dwell times, a moving
catheter or swapped catheters. Using the measured treat-
ment parameters, it is shown that the dose can be recalcu-
lated and compared to the planned dose, which allows for
post treatment analysis and adaptation of possible future
fractions.
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