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Abstract
Brachytherapy has an excellent clinical outcome for different treatment sites. However, in vivo
treatment verification is not performed in themajority of hospitals due to the lack of proper
monitoring systems. This study investigates the use of an imaging panel (IP) and the photons emitted
by a high dose rate (HDR) 192Ir source to track sourcemotion and obtain some information related to
the patient anatomy. The feasibility of this approachwas studied bymonitoring the treatment delivery
to a 3Dprinted phantom thatmimicks a prostate patient. A 3Dprinted phantomwas designedwith a
template for needle insertion, a cavity (‘rectum’) to insert an ultrasound probe, and lateral cavities
used to place tissue-equivalentmaterials. CT imageswere acquired to createHDR 192Ir treatment
planswith a range of dwell times, interdwell distances and needle arrangements. Treatment delivery
was verifiedwith an IP placed at several positions around the phantomusing radiopaquemarkers on
the outer surface to register acquired IP imageswith the planning CT. All dwell positionswere
identified using acquisition times�0.11 s (frame rates�9 fps). Interdwell distances and dwell
positions (in relation to the IP)were verifiedwith accuracy better than 0.1 cm. Radiopaquemarkers
were visible in the acquired images and could be used for registrationwithCT images. Uncertainties
for image registration (IP and planning CT) between 0.1 and 0.4 cm. The IP is sensitive to tissue-
mimicking insert composition and showed phantomboundaries that could be used to improve
treatment verification. The IP provided sufficient time and spatial resolution for real-time source
tracking and allows for the registration of the planning CT and IP images. The results obtained in this
study indicate that several treatment errors could be detected including swapped catheters, incorrect
dwell times and dwell positions.

1. Introduction

High dose rate (HDR) brachytherapy has an excellent clinical outcome for different treatment sites (Sturdza et al
2016, Vanneste et al 2016, Zaorsky et al 2017, Astrom et al 2018, Crook et al 2020). However, compared to
external beam radiotherapy, this technique ismore susceptible to treatment errors due to the significant number
ofmanual steps in the clinical workflow and steep dose gradients. According to the International Commission
onRadiological Protection (Valentin 2005), themajority of the incidents reported by 2004 could have been
avoided if staff had propermonitoring equipment. Incidents are still being reported frequently (Fonseca et al
2019). In vivo dosimetry (IVD) is not implemented by themajority of the radiotherapy centers (Tanderup et al
2006)due to laborious or impracticalmethods, lack of equipment and highmeasurement uncertainties
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(Fonseca et al 2020).Most treatment verification studies available in the literature (Alecu andAlecu 1999,
Brezovich et al 2000, Anagnostopoulos et al 2003, Nose et al 2005,Waldhausl et al 2005, Cygler et al 2006,Das
et al 2007, Toye et al 2009, Allahverdi et al 2012, Sharma and Jursinic 2013, Carrara et al 2017, Jaselske et al 2017,
Melchert et al 2018) used point dosimeters and evaluated the time-integrated dose. Integrated point doses are
dominated by dwell positions in the vicinity of the detector, and therefore can be very insensitive to deviations in
dwell positions further away from the detector. Time-resolved detectors and source tracking have shown
promising results (Guiral et al 2016,Mason et al 2016, Fonseca et al 2017a, Belley et al 2018, Johansen et al 2018,
Smith et al 2018), increasing the likelihood to detect treatment errors by a at least a factor of ten (Andersen et al
2009). Imaging immediately before treatment delivery reducesmeasurement deviations (Suchowerska et al
2011, Carrara et al 2017), although in-room imaging is not yet a reality formost clinics. A recently published
ESTROTaskGroup report, which includes a literature review (Fonseca et al 2020), describes advantages of
source tracking and time-resolvedmeasurements, and defines some requirements and future directions for IVD
in brachytherapy.

This study evaluates the use of an imaging panel (IP) for treatment verification in 192IrHDRbrachytherapy
using a 3Dprinted anthropomorphic phantom tomimic treatment conditions. The use of an IP for source
tracking has been described for homogeneous phantoms (Smith et al 2013, Fonseca et al 2017a), applicator
commissioning (Fonseca et al 2017b), and imaging in contrast phantoms (Verhaegen et al 2007). This is thefirst
study to report the use of geometric and anatomical information projected by the 192Ir source onto the IP for a
realistic anthropomorphic phantom, and the effect of IP settings (e.g. acquisition rate and distance between
source and detector).

2.Methods andmaterials

This study focusses on themeasurement of dwell times, dwell positions, and image registration to verify
brachytherapy using planningCT images as a reference. This section describes the anthropomorphic phantom
manufactured for this study, the experimental setup andmethodology employed to evaluate dwell times, dwell
positions and geometric/anatomical information. The combination of time-resolved information about source
tracking, geometrical imaging (markers) and anatomical imaging generates a tremendous amount of data that
can be processed in different ways. Figure 1 shows howwe envision the use of the proposedmethod in a clinical
workflow.

2.1. Prostate phantom
A life-size 3Dprinted pelvic phantom (figure 2(a)), based on aCT image of a brachytherapy prostate patient, was
designedwith 4 holes for the insertion of tissue-mimicking inserts (TMI), a ‘rectum’ air cavity for the insertion of
a transrectal ultrasound (US) probe (BKMedical, HerlevDenmark), and a template (9×9 channels in 1 cm
intervals) for needle insertion. Plastic needles, enabling insertion of the brachytherapy source, are placed into the
phantom that allows for several implant configurations tomimic treatments. The phantomwas printedwith a
fusedfilament fabrication printer using a PLA+(C3H4O2)filament (Zhuhai Sunlu Industrial co., Ltd, Zhuhai,
China) tomimic soft tissue characteristics. The printedmodel has a density of 1.05 g . cm−3.

2.2. Experimental setup
Figure 2(a) shows the prostate phantomwith 7 needles, 4 TMI (GAMMEX,Middleton,USA) and anUS probe,
jointly placed on top of an IPmodel PAXSCAN2530HE (Varex Imaging, Salt LakeCity, USA). Experiments
were performedwith different configurations (e.g. different needle arrangements and different TMI) as
described in table 1. Radiopaquemarkers consisting of covered lead spheres with 0.15 (standard for the patients
in our clinic), 0.30 and 0.50 cm total diameters were attached to the surface of the phantom for image
registration (see section 2.4). ACT image (figure 2(b))was used to create treatment planswith the BrachyVision,
version 15, treatment planning system (VarianMedical Systems, PaloAlto, USA).

Experiments were performed using a 3Dprinted holder (visible infigure 4)manufactured to place the IP at
specific distances and angles around the phantom to ensure stability and reproducibility. The effect of the IP
positionwas evaluated for 10 and 20 cmdistances between the surface of the patient and the IP, and at 3 different
angles (0°, 45°, and 90°) as illustrated infigure 2(c). The distances were selected considering a future clinical
applicationwhere the IPmay be placed in the treatment table underneath the patient. Cushioning and a support
framewill be installed between the IP and the patient,meaning 10 cm is the estimated shortest distancewhilst
20 cm represents a worst-case scenario tested to verify the sensitivity of the IP.

The IP used in this study has aDRZPlus conversion screenwith awide energy range (20 kV–16MV) and a
sensitive area of 24.5×30.2 cm2 composed of 1792×2176 pixels. The electronics are protected by internal
shielding designed for up to 225 kV.High spatial resolutionmode (0.0139 cmper pixel) allows up to 9 fps,
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whereas 2×2 pixel binningmode (0.027 cmper pixel) allows up to 33 fps. There are also different gain options
for each acquisitionmode, which can be adjusted depending on the source air-kerma strength and distance
between the source and the IP. In-house developed software, called IrIS (Iridium Imaging System), is used to
process and acquire the data. Images are continually acquired and recorded if the intensity is above a pre-defined
threshold (background level). Therefore, frames are automatically stored once the source leaves the afterloader.
Thefile size per frame is 1.9MB and 7.4MB for low andhigh-resolutionmode, respectively. Afifteenminutes
treatmentwould generate up to 8100 frames (9 fps) and 29700 frames (33 fps) equivalent to approximately
55 GB of data. Storage limitations and the computational time to process the data have been taken into account
during the evaluation of the results.

2.3.Dwell time
The intensity difference per pixel between consecutive IP frames is calculated by creating a 2Ddifferencemap
with visible cold and hot spots if the source position has changed between the frames. The total absolute intensity
difference (TDif) between consecutive frames (k) is calculated (equation (1)). Nx and Ny are the number of pixels
in theX andY directions, respectively. F represents each framewith acquisition index k and ij are the coordinates
of each pixel

Figure 1.Diagram illustrating a possible clinical workflowoutlining briefly each step of the IP use and its relevance to treatment
verification (text in black), the treatment parameters verified in each step (text in blue) andwhen treatment errors could be detected
(text in red). IrIS (iridium imaging system) is an in-house developed software.
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The IrIS user interface evaluates the total difference vector, identifying large gradients corresponding to source
movements.TDif is small (pixel response variationmostly fromnoise) if the source is at rest whilstmuch larger
TDif values (pixel response variationmostly due to the source displacement) are obtainedwhen the source is
moving. IrIS identifies when the source ismoving (peaks in theTDif vector) andwhich frames correspond to the
same dwell position. The acquisition time of each frame is used to determine dwell times. Note that a transit time
due to the source approaching the first dwell position,moving between dwell positions and returning to the safe
may ormay not be accounted for depending on the acquisition rate. The transit time is defined in this study as
the time interval spent by the sourcewhilemoving between two consecutive dwell positions. The transit time
correction applied in this study consist of the subtraction of frameswhere the sourcewasmoving between dwell
positions.

2.4. Image registration,marker size and interdwell distance
ACT image of the phantom (figure 2(b)), withmarkers attached to the outside surface, is used as a reference to
create a treatment plan and calculate the projected position of each radiopaquemarker on the IP. IrISwas
integratedwithAMIGO (AMedical Image-basedGraphical platfOrm) (Fonseca et al 2014) to import the
treatment plan and create a projectionmap of the patientmarkers. IrIS considers the 192Ir source as a point
source and calculates the projection of each patientmarker on the IP, using Euclidian geometry as illustrated in
figure 2(d).

Figure 2. (a)Experimental setup showing the 3Dprinted phantomon top of the IP, containing 7 needles, TMIs and a transrectal US
probe. (b)CT image of the phantomhighlighting the needle positions 1–7, holes for insertion of TMI andUSprobe, and radiopaque
markers attached to the outside surface used for reference (there are only two visible in this CT slice;more are present in other CT
slices). (c)Dimensions of the phantom (cm) and experimental setup, and IP positions around the phantomduring themeasurements.
A customholder (figure 4)wasmanufactured to ensure accurate phantomand detector placement. Experiments were performedwith
either 10 or 20 cmdistance between the surface of the phantomand the IP. (d)Visual representation, obtained from IrIS, showing the
projections (blue lines connecting the dwell positions) of themarkers on the IP by unscattered source photons for a single dwell
position of the brachytherapy source.
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Table 1.Experimental setup and IP settings.Measurements were repeated for each acquisition rate corresponding to 20 different
experimental setups and 4 acquisition rates for each experiment totaling 80measurements. Besides the frame rate and pixel resolution, the IP
gainwas adjusted for each distance between the source and the IP. Experiments were performed using aGammaMedPlus iX afterloader
(VarianMedical Systems, Palo Alto, CA) equippedwith aGammaMed PlusHDR192Ir source (Ballester et al 2001).

Experimental settings—overview

Dwell times 0.3, 0.5, and 1 s

Interdwell distances 0.1, 0.2, 0.3, and 0.5 cm

Distance between phantom surface and IP From10 up to 20 cm

Distance between source and IP From17.5 up to 47 cm.Minimumdistance for the IP at 0° andmaximum for the IP at 45°.
Angle around the phantom 0°, 45° and 90°
Radiopaquemarkers 0.15, 0.30 and 0.50 cm total diameter

Tissuemimicking inserts (Gammex) Inflated lung (0.30 g cm−3), adipose (0.95 g cm−3), solidwater (1.02 g cm−3), muscle

(1.05 g cm−3), inner bone (1.13 g cm−3), bonemineral (1.15 g cm−3), CB2%-30%

CaCo3 (1.33 g cm
−3), CB2%-50%CaCo3 (1.56 g cm

−3) and cortical bone (1.82 g cm−3)
IP settings

IP acquisition rate/resolution 5 and 9 fps (pixel resolution 0.0139 cm)
5, 9, 20 and 33 fps (pixel resolution 0.0278 cm)

Experimental settings—specific experiments

Experiment 1: Dwell time 7 needles as shown infigures 2(a), (b)
30 dwell positions per needle equally distributed into 0.3, 0.5 and 1.0 s dwell time

Fixed interdwell distance of 0.3 cm

Measurements performedwith 10 and 20 cmdistance between the IP and the surface of the

phantomwith the phantom at 0°
9 fps (pixel resolution 0.0139 cm) and 5, 9, 20 and 33 fps (pixel resolution 0.0278 cm)
Air-kerma strength 41514U

Experiment 2:Marker size 7 needles as shown infigures 2(a), (b)
Severalmarkers (>10)with different diameters were placed on the surface of the phantom

0.2 cm interdwell distance

10 dwell positions per needlewith a 1s dwell time each

Measurements performedwith 10 and 20 cmdistance between the IP and the surface of the

phantom for the IP at 0°
9 and 20 fps (pixel resolution 0.0278 cm)
Air-kerma strength 31746U

Experiment 3: Image registration and inter-

dwell distance

7 needles as shown infigures 2(a), (b)

Afixed dwell time of 1 s

10 consecutive positionswith 0.1 cm interdwell distance, followed by 5 dwell positionwith

0.2 cm interdwell distance and 6 dwell positions with 0.5 cm interdwell distance totaling

21 dwell positions per needle

Measurements performedwith 10 and 20 cmdistance between the IP and the surface of the

phantom for the IP at 0°, 45° and 90°
9 and 20 fps (pixel resolution 0.0278 cm)
Air-kerma strength 41514U

Experiment 4: Dwell positions in relation to

the IP

Afixed dwell time of 1 s

Measurements performed at 20 cmdistance between the IP and the surface of the phantom

for the IP at 0°
10 fps (pixel resolution 0.0278 cm)
Air-kerma strength 41514U

2 different interdwell distances (0.2 and 0.5 cm)were tested separately using 7 needles as
shown infigure 2(a)

Experiment 5: Imaging TMI 3 needles as shown infigure 4

1 dwell positionwith a 3 s dwell time per insert. A 12.5 cmoffset from the tip of the needle

was used so the dwell position depthwas approximately at themiddle of the insert

The distance between the IP and the surface of the phantomwas adjusted to 10 cmwhilst

the distance between the source and the IPwas 29.5 cm

5 fps (pixel resolution 0.0278 cm)
Measurements performedwith 10 cmdistance between the detector and the surface of the

phantom for the IP at 90°
Air-kerma strength 41514U
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2.4.1.Marker size
Radiopaquemarkers were evaluated, consisting of lead spheres with 0.15, 0.30 and 0.50 cmdiameters. Because
of their spherical shape and the irradiation angle, projections on the IP appear as ellipses (approximated as
circles due to the small size of themarkers) and thus aHough transform-based algorithm can be used to
determine the position of the center and size of themarkers. The patientmarkers were placed on the outside
surface of the phantom in groups of three (each group consists of onemarker of each size) in the same region to
compare their projections under the same conditions. As themarker detection algorithmworks better when
optimized for a specificmarker size, the results of these irradiationswere used to select one diameter thatwas
used in the remaining experiments.

2.4.2. Image registration and interdwell distance
The patientmarkers (only 0.30 cmmarkers were used in this section) should be placed on stable anatomical
regions (e.g. where bone structures aremore pronounced) so the position of the IP needs to be optimized to
visualize the projections. An interactive interface in IrIS allows the simulation of the IP at different angles and
positions around theCT geometry. The projectionmap based on theCTmakers is used as a reference to register
CT and IP coordinates so that themeasured position can be related to the patient anatomy. In addition to image
registration, patientmarker projections were used to verify interdwell distances by comparing the displacement
of themeasured projections in two consecutive dwell positions against predicted values obtainedwith IrIS.
Deviations from the expected value can indicate geometrical (e.g. patient shift in relation to the IP) or treatment
errors (e.g. a shifted catheter/applicator within the applicator). The resolution of the images is lowered before
applying the algorithm to improve speed and reduce noise (Atherton andKerbyson 1999).

2.5.Dwell positions related to the IP
Referencemarkers fixed at knownpositions compared to the IP providemore reliable information on the
location of the source relative to the panel, than themarkers on the patient that were used for registration
(section 2.4.2), because their position ismore stable. Therefore, it was decided to use a second set ofmarkers
(panelmarkers), at afixed position in relation to the panel, to reconstruct the dwell positions using
backprojection (see figure 3 and section 3.2.2). Thismethod allows for the verification of the implant geometry
and delivery sequence, which is independent of the image registration and patient anatomy. A 3Dprinted holder
was used to placemultiple radiopaquemarkers at defined positions 20 cm above the active layer of the panel. The
HDR 192Ir source position is then obtained by solving a linear equation between each panelmarker (physical
position) and its respective projection on the IP andfinding the intersection between the lines obtained for
different panelmarkers (figure 3). This backprojection approach uses the samemethod as described in
section 2.4 (figure 2(d)) to predict the projection of the patientmarkers, but in the reverse order, usingmeasured
projection to calculate the source position.

Figure 3. Sketch of the 192Ir source positionmeasurement. The distance (e.g. d1 and d2) between the referencemarker positions (Ref-1
andRef-2), the projections (e.g. P1 and P2), and themarker height (20 cm) are then used to calculate equations of the lines intersecting
at the source position.Only two panelmarkers (M1 andM2) are shown to demonstrate the principle whilst five panelmarkers were
used to determine the source position. Image not to scale.
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2.6. Tissuemimicking inserts
Patient positioning relative to the IP is themain challenge since brachytherapy treatment rooms are usually not
equippedwith patient tracking devices, lasers for positioning, or in-room imaging. Therefore, source position
measurements are usually performed in relation to the detector. In this study, in addition to evaluating the use of
externalmarkers, we also explored the possibility to use the patient anatomy projected on the IP tofind the
position of the patient with respect to the IP. The sensitivity of the IP to different photon-absorbingmaterials
was evaluated by placing TMIs (table 1) into the phantomwith a 10 cmdistance between the IP and the surface of
the phantom (figure 4). The IP response is dominated by scattered photons, so response variations due to the
material composition and density are difficult to observewithout postprocessing. The absolute response of the
panel was evaluated for the differentmaterials and also normalized to results obtainedwith the solidwater insert.
The normalization approach is only possible with phantoms andwas used to enhance differences in the IP
response. In addition, IP imageswere evaluated by subtracting the results obtainedwith the source in needle 1
and 3 by the results obtained using needle 2.We hypothesize that scatter can be similar for different dwell
positionwhilst anatomical/geometrical information fromprimary photons can differ significantly. Therefore,
IP signals from a dwell position could possibly be used as a type of scatter correction for a different dwell
position.

3. Results

3.1.Dwell time
The total intensity difference of a frame compared to its previous frame ( ( ))T k ,Dif defined in equation (1), shows
well-defined peaks as a function of time indicating positionswhere the source ismoving. Figure 5 shows results
obtainedwith the IP at 20 cm from the phantom surface (0°) using a 20 fps acquisition rate. The triangles
indicate detected peaks, indicating sourcemovement either between dwell positions (red triangles) or coming
fromand returning to the safe (blue triangles). Vertical dashed lines indicate when sourcemovementwas
detected (TDif peaks) followed by a valley (low and stableTDif values indicating the source is at rest). The
information is used to calculate dwell times and definewhich frameswere obtained at the same dwell position.

The dwell time can be defined as the time interval between consecutive peaks (figures 5(a), (b)) that includes
the dwell time and the transit time due to the sourcemoving between consecutive dwell positions. Nevertheless,
higher acquisition rates can distinguish between the actual dwell time (source at rest) from the transit time. The
frames around the peaks (figure 5(c)—between dashed vertical lines) have higherTDif values indicating the
source ismoving. These frames can be disregarded so the dwell time corresponds to the length of a valley
between two consecutive peaks (dwell time only). The absolute transit time is about 0.15 s for a 0.3 cm interdwell
distance.

IrIS automatic dwell detectionworks formost of the cases, however, some parameters depend on the frame
rate and distance between the IP and patient. All the post-processing parameters (e.g. the threshold for peak
detection and aminimumnumber of frames at rest to define a dwell position) can be adjusted interactively
using IrIS.

Figure 4.Experimental setup to evaluate the IP sensitivity to the presence of different TMIs. The inserts were placed in the top-left
position (red arrow and circle in the left picture) and irradiatedwith a 192Ir source positioned in three different needles. The other
insert holes were pluggedwith bulkmaterial. The sketch on the right is not to scale.
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Table 2 shows a comparison between planned andmeasured dwell times. Differences are below 0.1 s for
most of the dwell positions reaching amaximumof 0.5 s for the highest acquisition rate (33 fps) due to the low
response of the IP for such a high acquisition rate. The highest differences above 0.1 s were also observed for 5 fps
where the acquisition time per frame is 0.2 s. The processing time ismuch lower (tenfold) than the acquisition
rate so the data can be processed in real-time.

Figure 5. IP response variation used to identify dwell positions showing a casewith 30 dwell positions with 3mm interdwell distance.
Dwell positions were divided into groups of 10 and assigned dwell times of 0.3 s (lowest used in our clinic), 0.5 and 1.0 s. Results
acquiredwith 9 (a), and 20 fps (b), (c). The triangles indicate detected peaks implying sourcemovement either between dwell positions
(red triangles) or coming from and returning to the safe (blue triangles). Note that different colors were added to guide the eyes.
Vertical dashed lines indicate dwell positions highlighting the first (blue) and last (red) frames of each dwell positions. These lines
overlap in (a) and (b) since the transit time is not accounted for and dwell positions were defined consecutively. The transit time is
accounted for in (c). Themeasured dwell timewith andwithout transit correction is shown in (d). Dashed lines indicate the planned
dwell times were added to guide the eyes. (Table 1—experiment 1.)

Table 2.Dwell timesmeasuredwith different acquisition rates for two distances between the IP and phantom surface. Results represent the
mean value±σ (TypeA, standard deviation). No relevant difference was observed for results obtainedwith low and high-resolution.
LR=low-resolution 0.0278 cmpixel size.

Difference between planned andmeasured dwell times (s) for the different acquisition rates (LR)

5 fps 9 fps 20 fps 33 fps

Distance

(cm)
Planned dwell

time (s) Mean± 1σ Max. Mean± 1σ Max. Mean± 1σ Max. Mean± 1σ Max.

10 0.3 — — 0.00±0.05 0.1 0.00±0.01 0.1 0.00±0.02 0.1

0.5 0.01±0.10 0.3 0.00±0.06 0.1 0.00±0.01 0.1 0.00±0.02 0.1

1.0 0.01±0.07 0.2 0.01±0.01 0.1 0.02±0.03 0.1 0.02±0.05 0.3

20 0.3 — — 0.00±0.05 0.1 0.00±0.01 0.1 0.01±0.01 0.2

0.5 0.01±0.07 0.3 0.00±0.06 0.1 0.00±0.01 0.1 0.01±0.02 0.5

1.0 0.01±0.07 0.2 0.01±0.04 0.1 0.01±0.03 0.1 0.01±0.04 0.5
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3.2. Image registration anddwell positions
3.2.1. Radiopaquemarkers
3.2.1.1.Marker size
Figure 6(a) shows the IP response for an irradiationwith the phantom surface at 20 cm from the panel.
Figure 6(b) shows a vertical line profile (crossing the three indicatedmarkers) as a function of the acquisition
time. The projection of themarkers creates a stair-like pattern (the pattern can vary depending on the source
trajectory). Similarly to themethod described in section 2.3, where differences in the IP response were used to
identify the time interval corresponding to dwell positions, the displacement of themarker projections can also
be used to detect source position and dwell time intervals as an alternativemethod.Markers infigure 6(b) are not
clearly visible when the source is approaching thefirst dwell position (before≈1.2 s) andwhen returning to the
safe (after≈11.5 s). Themarker with 0.3 cmdiameter was selected since its projection is well defined and its size
still reasonably small to avoid discomfort to the patient in a future clinical application.

3.2.1.2. Image registration and interdwell distances
Themarker-finding algorithmwas applied to the IP frames. The detection of the patientmarkers, used for image
registration, depends on their position in relation to the source since some projections are outside the detector
area or less visible in regionswith low contrast near the edges of the panel. The effectiveness of themarker
detection algorithm ranged from71%up to 98% for acquisitions performedwith channels 2 and 7, respectively
(figure 2(b)). Results obtainedwith the panel at 20 cm from the phantom are slightly worse since fewermarkers
are visible (more projections lie outside the panel with larger distances between the panel and the source). In
99%of all dwell positions, the IPmissed two or fewermarkers, where approximately 9.2 and 5.5markers were
expected to be in thefield-of-view for 10 and 20 cmphantomdetector distance, respectively.

Figure 7 shows themeasured shift of themarker projection for consecutive dwell positions compared to the
predictedmarker displacement. Themean difference between predicted andmeasuredmarker displacement
(at the level of the IP) is 0.02±0.02 cm (1 STD). Themagnitude of themarker projection shift due to a 0.1 or
0.2 cm sourcemovement ismuch larger than the standard deviation. Themarker projection displacementwas
also evaluated by simulating varying distances between the IP position and the surface of the patient as shown in
figure 8.Marker projections near the edges of the IP aremore sensitive (visible differences for a 0.2mmshift) to
changes as can be seen by the difference in the slope betweenmarker 2 and 3. Themarker sensitivity to variations
in the distance between the panel and the surface of the phantomdepends on the dwell positionwith sensitivity
increasing for larger angles.

3.2.2. Dwell position
Figure 9 shows an IP frame obtainedwithmarkers at knownpositions related to the panel, an illustration of the
backprojectionmethod, used to calculate the source position, and the calculated dwell positions for a seven
channel-implant with five dwell positions each. Themeasured interdwell distancemean deviationwas
0.02±0.03 cm (1STD)with amaximumdeviation of 0.08 cm for both 0.2 and 0.5 cm interdwell distances. The
absolute position of the tip of each catheter showed amaximumoffset of 0.1 cm. Themaximumdeviation
between each dwell position and the tip of the catheter was 0.08 cm for both 0.2 and 0.5 cm interdwell distances.
The distance between the catheters also showed amaximumdeviation below 0.1 cm.

Figure 6. (a) IP response at 20 cm from the surface of the phantom. The result is an average of all frames corresponding to thefirst
dwell position. The red arrows indicate the projection of radiopaquemarkers (with 5, 3 and 1.5mmdiameter from top to bottom)
placed at the surface of the phantomas indicated infigure 2. Threemarkers were selected for illustrative purposes since any visible
marker could be used. (b)Vertical line profile crossing the line indicated in (a) as a function of the acquisition time. The red arrows
indicate themarker position and the stair-like pattern. The arrows in a and b indicate the samemarkers. (Table 1—experiment 2.)
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3.2.3. Tissuemimickingmaterials
The boundaries of the phantom are visible (figure 10(a)), where the edges of a cortical bone insert can also be
visualized (figure 10(b)). Bone and lung inserts can be visualized by adjusting the contrast, whilst soft tissues (e.g.
muscle and adipose tissue) cannot be distinguishedwithout additional postprocessing (e.g. normalization or
background subtraction). Figure 10(b) (black arrow) shows a response variation that ismost likely due to the
geometry of the phantom (figure 4) since its shape (similar to a patient) results in different attenuations
depending on the path between the source and the panel. The IP responses obtained for different TMIs (one
insert irradiated at a time), normalized to the response obtainedwith the solidwater insert are shown in
figures 10(c), (d). Response ratios vary from0.94 (cortical bone)up to 1.06 (lung insert)with smaller differences
observed for soft tissues and lower density bone inserts. The center of the insert projection (obtainedwith a

Figure 7.The average distance found betweenmarker projections on the IP for catheter 2 (further away from themarkers) and
catheter 7 (closer to themarkers) as indicated infigure 2(b), for the detector at a distance of 20 cm. The blue bars represent the average
displacement of themarkers in two consecutively acquired images, and the red bars represent the distance between the predicted
marker projections (described in section 2.4). The error bars represent one standard deviation over allmarkers. Note that calculated
values (red) also have error bars since they aremean displacement calculated over 9makers at a different position. The horizontal axis
corresponds to the interdwell interval between consecutive source dwell positions. Results were obtainedwith variable interdwell
distances defined at the level of the catheters (0.1 cm (#1–9), 0.2 (#11–14) and 0.5 cm (#15–20)). (Table 1—experiment 3.)

Figure 8. (a)The absolute difference between the projected and detectedmarker positionswhen the IP ismoved closer (negative shift)
and further away (positive shift) from the phantom. The angle between the vertical and the line connecting the dwell position and the
marker varies so somemarkers can bemore sensitive than others depending on the dwell position.Note that theminimumdeviation
forMarker 3 does not correspond to the IP reference position (shift=0 cm). This deviationwill be discussed in the discussion
section 4.1.3. (Table 1—experiment 3.)
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Gaussianfit applied to the intensity profiles as illustrated infigure 10(d)) shows a±5.5 cm shift for needles 1 and
3when compared to the projection obtained using needle 2 at the center. Figures 10(e), (f) shows the result
obtainedwith the source in channel 1 normalized to the result obtained in channel 2 using a cortical bone insert.
This approach enhance the vizualitation of the TMIs creatingmore noticeable patterns in the profile
(figure 10(f)). The projection of the bone insert on the panel depends on the source position, whichwas
highlighted by the normalization. This approach enhances image quality allowing the detection of the inserts for
lung and all bone inserts.

4.Discussion

Future directions and requirements for in vivo dosimetry in brachytherapywere recently published describing
the advantage of time-resolved dosimetry for source tracking (Fonseca et al 2020). Previous studies have shown
promising results using 2Ddetectors on phantoms (Bati et al 2010, Espinoza et al 2013, Smith et al 2013, Safavi-
Naeini et al 2015). One of themain disadvantages of thesemethods is that source positions are usually acquired
in relation to the detector and not the patient anatomy. Therefore, imaging (especially in-room) could improve
the accuracy of treatment verification techniques. A clinical trial (Smith et al 2018) using x-ray images just before
the treatment to create reference images for 2D treatment verificationwith an IP showed the feasibility of using
dummymarkers within the catheter. However, the use of an external x-ray device only allows for 2D verification

Figure 9. (a) IP image showing the projection ofmarkers. Blue arrows point at the projections from0.3 cmpanelmarkers whilst green
arrows point at the projection from0.15 cmpanelmarkers (not used since they are not visible in all the projections). (b)Geometrical
representation showing the projections and physical locations of themarkers and the calculated source position (catheter 6—Dwell
position 2). (c)Measured source position for an irradiationwith seven channels, five dwell position per channel and 0.5 cm interdwell
distance. (Table 1—experiment 4.)
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whilst the use of the 192Ir gamma rays proposed in this work allows for 3D reconstructions. Therefore, 192Ir
gamma for imaging (Verhaegen et al 2007) during the treatment can overcome some technical limitations and
could be combinedwith other conventional imagingmodalities of in-room imaging (e.g. CT).

Source tracking has also been performed usingmultiple point detectors (Kertzscher et al 2014,Wang et al
2014, Johansen et al 2018) and electromagnetic tracking (Reniers et al 2012, Tho andBeaulieu 2019) showing
high precision determining dwell times and positions.However,more studies are necessary to determine the
sensitivity and specificity of different IVDmethods.

In this section, we follow the recommendations (Fonseca et al 2020) including information about treatment
errors that could be detected, impact in theworkflow, observed uncertainties and limitations of the proposed
approach.

4.1. Uncertainties and limitations
Results obtainedwith 10 and 20 cmdistance between the phantom surface and the IPwere similar for all the
evaluated positions.Magnification effects can be different as discussed below, but nomajor differences in
performance of IrIS were observed.

4.1.1. Dwell times
The IP used in this study has several acquisitionmodes and different acquisition rates that influence the results.
Low acquisition rates (e.g. 5 fps) did not detect all the dwell positionswhilst high acquisition rates (e.g. 33 fps)
resulted in very low intensity signalsmaking it difficult to distinguish dwell positions resulting in larger dwell
time deviations (up to 0.5 s) than results obtainedwith 20 fps (up to 0.1 s). The timemeasurement uncertainty
was estimated, considering the standard deviation of themeasurements and the acquisition rate, as the
acquisition time of one frame (e.g. 20 fps has an acquisition time of 0.05 s and therefore the uncertainty is
estimated as 0.05 s). In addition, the software developed for automatic source detection requires that the source
remains static for at least two consecutive frames to detect a dwell position. If the user aims tomeasure a 0.30 s
dwell time, aminimumacquisition rate of 0.15 s (≈ 7 fps)will be required.However, the actual dwell time is
shorter than the planned dwell time due to transit time correction (Brauer and Ferguson 2015, Bellezzo et al
2019). Figure 5 shows that the peaks used to identify dwell positions are not as pronouncedwhen acquiredwith 9
fps aswhen acquiredwith 20 fps indicating that acquisition rates lower than 9 fpsmay not be suitable for the
measurement of such a short dwell time.

The dwell time detection algorithm cannot account for differences between patient and sourcemotion.
Therefore, if the patientmoves the softwarewill detect a newdwell position even if the source remains at the

Figure 10. (a)Measured IP response for a dwell position in needle 1where the phantomboundaries can be seen (green arrows). (b)
Line profile (indicatedwith a horizontal dashed line (a)) showing the IP response obtainedwith the cortical bone insert. Vertical red
arrows indicated the boundaries of the insert andwere added to guide the eye. The black arrowpoints to a variation in the image
profile that ismost likely related to the phantom geometry; (c) ratio between response obtainedwith cortical bone and solidwater
insert; (d) horizontal line profile (along dashed red line in center of the panel (a)) showing the IP response obtained using tissue-
mimicking inserts normalized to the solidwater insert with the source in needle 1 (see figure 4); (e) ratio between the panel response
using needle 1 and 2with cortical bone insert; (f) horizontal line profile (along dashed red line in center of the panel (a)) showing the
normalized IP response (e). Vertical red arrows indicated the boundaries of the insert andwere added to guide the eyes. (Table 1—
experiment 5.)
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same position in relation to the patient. This then could yield a false positive errorwarning that we aim to
mitigate by using radiopaquemarkers to identify patient translations and rotations. This issue could also be
solved by further exploring the combination of panelmarkers and patientmarkers (might be subject to larger
uncertainties) or by combining IP acquisitionwith a patient tracking system (e.g. a camera system) that can be
used to distinguish between patient and sourcemotion. In addition, communication between the afterloader
and IrIS could provide information about the exactmoment when the source is expected tomove.

4.1.2. Dwell positions and interdwell distances
Earlier publications suggestedmathematical fits to signals from IPs to derive the three-dimensional Cartesian
coordinates of the dwell positions. (Smith et al 2013, Fonseca et al 2017a)Although results were very promising
usingwater phantoms close to the IP, themethod is not very suitable for this experimental setup,mimicking a
patient. Preliminary analysis of the data (not shown) shows that for the distances used in this study the IP
response does not show a very pronounced peak somathematical fits are not accurate as observed in previous
studies (Smith et al 2013, Fonseca et al 2017a)with an IP closer to the surface of a water phantom. In addition,
photons leaving the body cross different amounts of ‘tissue’ and air leading to the projection of the body
boundaries (figure 10(a)) and creating some high-intensity regions that can shift the results ofmathematical fits
applied to the IP images. The same effect occurs due to a relatively high amount of scatter coming from the edge
of the IP. The use ofmarkers on the phantomor at afixed position near the IP seems to be amore robust and
direct solution that is also less sensitive to scatter (discussed in section 4.2). Themarkers at knownpositions (e.g.
attached to a holder above the panel or to the treatment table) related to the panel allow the 3D reconstruction of
the dwell positions with submillimeter accuracy so interdwell distances, the distance between catheters, and the
delivery order can be verified. The displacement of individual needles would be detectedwhilst the displacement
of thewhole implant would not be detected as an error since source positions aremeasured in relation to the
panel and not to the patient anatomy. This issue can be solved by combiningmarkers atfixed positions in
relation to the panel withmarkers on the patient.

Markers on the surface of the phantomwere used to verify interdwell distances. The comparison between
the predicted andmeasuredmarker projections is an accuratemethod to verify interdwell distances. As shown in
figure 7, even a 0.1 cmdifference in the dwell position results in ameasurable shift in themarker projections on
the IP. The standard deviation of the difference between detected and predictedmarker positions (± 0.02 cm) is
much smaller than theminimum interdwell distance (0.1 cm) allowed by the afterloader. The distance between
themarkers (surface of the phantom) and the IP leads to amagnification effect, discussed in the next section, that
increases the accuracy of themethod. Interdwell distances were calculated based on dwell position
measurements using panelmarkers fixed to a holder at a fixed distance (20 cm) from the IP showing
submillimeter accuracy.

4.1.3. Image registration
Radiopaquemarkers are clearly visible in the IP images, with automatic detectionworkingwell for amarker with
a diameter of 3mm. Smallermarkers can be detected butmisdetection due to noise is considerable and requires
manual inspection of the detected positions, which is not possible for thousands of frames. As themarkers are
visible on both planningCT and IP images they can be used for image registration defining the patient position
(using theCT as reference) in relation to the IP. As afirst step, we propose to use the prediction of the patient
marker projections, based on theCT image, using IrIS to perform rigid registration.

Themain component of the overall uncertainty, considering only the patientmarker projection and
ignoring possible variations between imaging and treatment stages, comes from the definition of theCT
coordinates of the radiopaquemarkers due to amagnification effect that can highlight differences in dwell
positions (useful to detect errors) but alsomagnifies the uncertainties in the patientmarker position. It was
estimated that the referencemarker position defined using a CT scan has an accuracy of±0.1 cmwhich is
magnified in the projection on the IP. The subsequent uncertainty in the projection positionwas estimated by
shifting themarker position in the treatment plan for interdwell time verification (see table 1) and recalculating
the projected positions on the panel using IrIS. The patientmarker projection uncertainty varies from0.17 cm
for catheter 1–3 (figure 2) up to 0.24 cm for catheter 7 (closer to themarkers) for a panel distance of 10 cm from
the phantom.Differences up to 0.40 cmwere observedwith the panel at 20 cm from the surface of the phantom.
Figure 8 shows thatmarker 3 has theworst agreement for catheter 7which is consistent with the reported
uncertainties. The uncertainties are smaller formeasurements with the panel at 45° and 90° (minimum
uncertainty≈0.1 cm) than at 0°. This is caused by the larger distances between the source and the patient
markers at 45° and 90° so that lessmagnification occurs (figure 2), but this alsomeans the IP response is worse.
Therefore, the IP position around the patient could be optimized tominimize registration uncertainties.

The image registration uncertainty (considering only themarker projection) goes from0.1 cmup to 0.4 cm
depending on the catheter adopted for reference. Therefore, theminimumuncertainty for the position of the
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patient in relation to the IP is 0.1 cm (IP at 45° and 90°) and 0.2 cm (IP at 0°). Note that this uncertainty applies to
absolute positions in relation to the planningCT since relativemeasurements (e.g. interdwell distances) are
more accurate as discussed in the previous section. The registration could be continuously improved during the
treatment by averaging registration coordinates obtainedwith different catheters as the treatment progresses.

The accuracy of themethod depends on the number ofmarkers (e.g. information frommultiplemarkers
could be averaged reducing the uncertainties), the position of the IP in relation to the patient, and the position of
themarkers in relation to IP and dwell positions. Therefore, uncertainties are patient- and dwell position-
specific.

4.2. Anatomical information
This study shows that the IP is sensitive to thematerial between the source and the IP and can display phantom
boundaries depending on the IP position (figure 10). This information is of interest since the IP can provide
anatomical information and track the source simultaneously. The projection of anatomical structures with a
high density, like bone, could be used for image registration and to verify the source position in relation to the
patient anatomy.However, the IP results are dominated by the scatter contributionwith limited features visible
(e.g. phantom contour infigure 10) to human eyes. Response enhancement is possible with post-processing or
using ratios betweenmeasured frames (e.g. tissue responses were normalized to themeasurement performed
with the solidwater insert), which is not possible for a patient. However, the subtraction of images from2dwell
position (figures 10(e), (f)) enhanced the image allowing the visualization of TMIs inserts with low and high
densities (lung bonematerials), whichwould be theoretically possible in patients.

Table 3.Examples of treatment errors that could be detected using the proposedmethod including the detection phase (e.g. within the same
dwell position, after each dwell position or after each channel or after the treatment).

Treatment error Detection phase Expected accuracy

Dwell time

deviations

Dwell times are continuallymonitored so an alarm can

be triggered as soon as the difference reaches a user-

specified threshold

Differences as low as 0.1 s could be detected.However,

transit time corrections andmeasurement uncer-

tainties could lead to a large number of false positives

with questionable clinical impact

Interdwell distance

deviations

Interdwell distances are calculated after each dwell

position starting from the second dwell position of

each catheter onwards

High accuracy (better than 0.1 cm) can be obtained
since it is a relativemeasurement

Swapped catheters (1)A swapped catheter would lead tomarker projec-

tions that will notmatch the predicted positions by

using rigid registrations. The error could be detected

after thefirst dwell position

(1)The accuracy of themarker projection prediction

depends on the source position varying from0.1 up

to 0.4 cm for the evaluated cases. IrIS can be used to

calculate projection uncertainties to support the

definition ofwarning or action thresholds (most

likely a fewmillimeters)
(2) If a predicted image (e.g. ray tracing) including ana-
tomical information is available, the error could be

detected after thefirst dwell position

(2)The detection based on anatomical features would

be less susceptible to variations as themarker detec-

tion.However, it is not possible to estimate the acc-

uracy of themethod based on the current results

(3)Positionmeasurements in relation to the IP could

detect the errorwhen the sourcemoves to the second

channel. As this is a relativemeasurement, data from

more than one channel needs to be acquired before

performing this analysis

(3)Dwell positionmeasurements in relation to the IP

aremore accurate than results obtainedwithmarker

projection so swapped catheters can be detected even

if the swapped catheters are only 0.1 or 0.2 cmapart

Dwell position

deviation

The same detection phases described for the swapped

catheter apply to this item (both are dwell position
deviations). Note that shifts of the whole implant

could only be detected by using themarkers with a

fixed position (1) or anatomical information (2).
Relativemeasurements (3) cannot detect a shift of the
whole implant

(1) Similar accuracy as the previous item (swapped
catheters)

(2) Similar accuracy as the previous item (swapped
catheters)

(3) 0.1 or 0.2 cmoffsets can be detected. However, no

errorwould be detected if thewhole implant shifts

Additional errors Deviations in the number of dwell positions per channel, number of channels, irradiation time per channel, total

irradiation time, needle offsets, order of the dwell positions
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The results are a proof of concept and further research is necessary to extract and use anatomical
informationmeasured by the IP. Verhaegen et al (2007) evaluated scattering interactions for different phantoms
and showed reduced contrast for imaging objects with the 192Ir sourcewithin the phantom. Scatter corrections
commonly applied to cone beamCT imaging (van derHeyden et al 2020) could also improve IP image quality
for 192Ir enhancing anatomical features. Ray-tracing orMonte Carlo simulation could be used to create
predicted images with primary photons only, based on the patient’s anatomy, to compare its features to those of
acquired images, corrected for scatter. Figure 10(b) shows some patterns that could be used for comparison.

The transrectal US probewas in place during all the experiments tomimic realisticHDRprostate treatments
and to evaluate a possible shielding effect as described by Poder et al (2019). No drastic attenuation of the signal
due to theUS probewas observed. However, the effect of theUS probewas not evaluated in this study and could
be of potential interest for future research.

4.3. Impact on theworkflow and error detection
The brachytherapyworkflow consists of severalmanual stepswhich can be very stressful for a department, and
sensitive for errors. Therefore, treatment verificationmethods should have aminor impact, increase the safety
level and provide sufficient accuracy that can benefit the patient and justify its clinical implementation. IrIS is a
completely non-invasive system that should have only aminor impact on theworkflow (e.g. placement of
radiopaquemarkers).More research is needed to define the optimalmarkers positions. IrIS automatically
imports all the information from the treatment planning system and can automatically start recording frames
once radiation is detected. Nevertheless, a treatment verification system can lead to alarms indicating errors that
would require further investigations and resources. At this stage, it is not possible to provide quantitative
information about the impact of alarms, including false positives.

The results obtained in this study indicate that IrIS is capable of verifying clinically relevant parameters. The
information can be combined to detect several treatment errors, to suggest corrective actions, and also to
provide accurate information about dose delivery allowing dose recalculations that could lead to interfraction
adaption or better outcome assessment for tumor control and normal tissue response. Table 3 lists some
treatment errors that could be detected based on the results described in this paper and previous experiences
with this type of detectors (Fonseca et al 2017a, 2017b). Note that error detection sensitivity and specificity
depends on several factors including, but not limited to, detector accuracy, clinical action thresholds, delivery
uncertainties andmagnitude of the error (Fonseca et al 2020) that should be evaluated for each type of error.
Additional uncertainties due tomotion, including internal intrafractional organmotion, is a potential source of
uncertainty that requires futher research.

5. Conclusion

The proposed proof of concept of a brachytherapy treatment verification system (IrIS) can combine source
trackingwith anatomical gamma-ray imagingwithout exposing the patient to any additional radiation dose. The
use of radiopaquemarkers and anatomical information can solve one of themain limitations of source tracking
systems thatmeasure the source position in relation to the detector and not to the patient. Such a systemwould
have aminimal impact on theworkflow and benefit the brachytherapy patient by early detection of errors and
measuring the true delivered dose to the patient. Themeasurement of dwell times and positions in relation to the
panel shows great accuracywhilst the use ofmarkersfixed on the patient and the extraction of anatomical
information requires further research to verify the feasibility and quantify uncertainties for clinical cases.
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