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Abstract

Background: In vivo dosimetry (IVD) is gaining interest for treatment delivery verifi-
cation in HDR-brachytherapy. Time resolved methods, including source tracking, have
the ability both to detect treatment errors in real time and to minimize experimental
uncertainties. Multiprobe IVD architectures holds promise for simultaneous dose de-
terminations at the targeted tumor and surrounding healthy tissues while enhancing
measurement accuracy. However, most of the multiprobe dosimeters developed so far
either suffer from compactness issues or rely on complex data post-treatment.

Purpose: We introduce a novel concept of a compact multiprobe scintillator detector
and demonstrate its applicability in HDR-brachytherapy. Our fabricated seven-fiber
probing system is sufficiently narrow to be inserted in a brachytherapy needle or in a
catheter.

Methods: Our multiprobe detection system results from the parallel implementation
of six miniaturized inorganic Gd2O2S:Tb scintillator detectors at the end of a bundle
of seven fibers, one fiber is kept bare to assess the stem effect. The resulting system,
which is narrower than 320 microns, is tested with a MicroSelectron 9.14 Ci Ir-192
HDR afterloader, in a water phantom. The detection signals from all six probes are
simultaneously read with a SCMOS camera (at a rate of 0.06 s). The camera is coupled
to a chromatic filter to cancel Cerenkov signal induced within the fibers upon exposure.
By implementing an aperiodic array of six scintillating cells along the bundle axis, we
first determine the range of inter-probe spacings leading to optimal source tracking
accuracy (first tracking method). Then, three different source tracking algorithms in-
volving all the scintillating probes are tested and compared. In each of these four
methods, dwell positions are assessed from dose measurements and compared to the
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treatment plan. Dwell time is also determined and compared to the treatment plan.

Results: The optimum inter-probe spacing for an accurate source tracking ranges from
15 mm to 35 mm. The optimum detection algorithm consists of adding the readout
signals from all detector probes. In that case, the error to the planned dwell positions
isof 0.01 0.14 mm and 0.02 0.29 mm at spacings between the source and detector
axes of 5.5 and 40 mm, respectively. Using this approach, the average deviations to the
expected dwell time are of -0.006 0.009 s and -0.008  0.058 s, at spacings between
source and probe axes of 5.5 mm and 20 mm, respectively.

Conclusions: Our six-probe Gd20O2S:Tb dosimeter coupled to a sSCMOS camera can
perform time-resolved treatment verification in HDR brachytherapy. This detection
system of high spatial and temporal resolutions (0.25 mm and 0.06s, respectively)
provides a precise information on the treatment delivery via a dwell time and position
verification of unmatched accuracy.

This is a sample note.
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[. INTRODUCTION

. Introduction

High dose rate brachytherapy (HDR-BT) is a standard modality in cancer treatment which
o ers advantages of highly localized dose distributions and minimum number of treatment
fractions.>34, To ensure that the planned dose is properly delivered, time-resolved in vivo
dosimetry (IVD) has been proposed for monitoring treatments and detecting error’89.
Among time-resolved IVD approaches, optical bers coupled to scintillators have shown
promise in time-resolved veri cation of the dose rat& 1121314151617 595 well as dwell posi-
tion and dwell time monitoring of a stepping radioactive sourcg!>1819.20,

IVD in multiprobe architectures has recently attracted attention for its ability to in-
crease the spatial extent of treatment monitoring to volumes including the targeted tumor
and surrounding healthy tissues. By use of individual detectors in various parallel catheters,
Wang et al.?! and Guiral et al.?> performed extended source tracking along the source
catheter. Cartwright et al?® implemented a source tracking with an array of 16 plastic
scintillator dosimeters embedded in a 20 mm-diameter rectal applicator. However, the ac-
quisition rate of the detector was limited to 1 s, short dwell times of the source could not
be assessed. Moreover, the diameter of the resulting multiprobe dosimeter in the centimeter
range limits its eld of application in BT. Therriault-Proulx et al. 2* developed a three-probe
plastic scintillator detector su ciently narrow to be inserted within a BT needle or catheter,
thereby making multiprobe tracking applicable in a broader range of BT. Because they in-
volve one-millimeter outer diameter bers, the three scintillator probes were engineered on
the same ber to be insertable into a BT needle or catheter. In this speci ¢ setup, where
the luminescence from all three scintillators travels through the same physical path within
the ber, the optical signals are entangled at the ber output. By analyzing the optical
signal with a spectrometer, dosimetry has been successfully demonstrated with a detection
rate as large as 3 seconds. A recent study has introduced a hyper-spectral optical detec-
tion system enabling time-resolved dose rate monitoring as well as dwell position and dwell
time veri cation with such a ber detector 1°2°. To determine the dose received by each
individual scintillator from the detected optical signals, a calibration process based on the
AAPM TG-43 dose parameters$® has been implementet?. The detected optical signals were
combined in a 4 4 linear equation system to obtain a detector overall response that is free
from the stem e ect?®?2’. With this system, triangulation approaches for source tracking

1
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. MATERIAL AND METHODS

were demonstrated.

In this paper, we use the miniaturized scintillator detector (MSD) approack2°2° to
demonstrate a seven-channel multiprobe detector that is narrow enough to perform time-
resolved treatment monitoring within a single BT needle or catheter. Our 320-micron outer
diameter ber detector consists of 6 scintillating probes and a bare test- ber, engineered
at the end of a narrow seven- ber bundle. The parallel measurement of the seven optical
signals at the bundle output with a SCMOS camera avoids inter-probe cross-talk, i.e., signal
entanglement at the bundle output. As a result, the calibration of our multiprobe detector
does not require the use of the AAPM TG-43 algorithm. Moreover, Cerenkov signal is simply
removed by positioning a bandpass Iter in front of the camera. Each MSD of the detection
system ensures minimum volume averaging within the steep dose gradients of BT sources,
leading to unmatched source tracking performances in space and time.

[I. Material and Methods

[I.LA.  Multiprobe system

The multiprobe detector (MPD) shown in Fig. 1(b) involves a 10-meter-long bundle of seven
biocompatible bers arranged in a hexagonal lattice (cf. Fig. 1(a); fabricated by SEDI-ATI).
Each ber is of 80-micron outer diameter (50-micron core diameter) and is covered with a 5-
micron-thick polyimide protective coating. The total width of the bundle is of 270 microns.
Each ber tip is tapered in the form of a leaky-wave nano-optical antenr®>! aimed at
improving the transfer of the X-ray excited luminescence from the scintillators to the ber.
Scintillating powder (Gd,0,S:Th) is locally attached to the tapered tip of six of the seven
bers to form the probes P1-P4, P6 and P7 (see Fig. 1(b)). G®,S:Tb is chosen as the
scintillating material owing to its high scintillation e ciency, stability, linearity and fast
temporal responsé-3334 and with very low sensitivity to temperature (in the range of 15-

40 )33, This inorganic scintillator shows an energy dependent®that need to be corrected

if a direct dose rate measurement, rather than a source tracking, is targeted. The last bare
ber, labelled as P5, is used to evaluate the level of spurious Cerenkov signal generated
within bers upon irradiation. The overall fabrication process is detailed in Refg?*, The
MPD is locally enlarged to diameters around 320 microns by the presence of the scintillating

2



[Il. MATERIAL AND METHODS [1.B. Optical readout

us cells (see Fig. 1(c)). The scintillation cells forming the six parallel probes are shown in
us Fig. 1(d). The scintillation volume varies from 0.008 mm (P1) to 0.009 mn? (P3), due

17 10 slight imperfections in our fabrication process, in terms of reproducibility. Four di erent
us inter-probe spacings along the bundle axis are de ned by adapting the length of each optical
us ber of the bundle. P1 and P2, P2 and P3, and P4 and P6 are spaced by , 2, and 4,

150 respectively, where =5 mm, whereas P3 and P4 as well as P6 and P7 are both spaced
151 by 1.7 . Interprobe spacings are de ned with an accuracy of 0.3 mm. Measurements where
12 realized by positioning the MPD onto a calibrated motorized stage coupled to a binocular
153 equipped with a crosshair. The ber bundle is positioned within a black 0.9-mm hytrel
152 Cladding to minimize collection of the background light from the test room. This opaque
155 shield stops about 10 cm before the rst probe P1 so that all six probes plus the bare ber
155 are directly in contact to the water phantom. To avoid contribution from external spurious
157 light, the experiments are carried out in the dark. In addition, an opaque cover is used to
158 protect the water phantom from residual room light.

s |I.B. Optical readout

w0 The optical signals at the end of the MPD are simultaneously recorded with a sCMOS camera
wr  (Andor Technology, Zyla 4.2 model) whose maximum detection yield spectrally matches
12 the emission of the GdO,S:Th material. A 35 mm camera objective (Fujinon HF35SA)
163 IS positioned in front of the camera to image the bare output face of the ber bundle at
s a rate of 0.06 s. Prior to acquisitions, we de ne seven regions of interest (ROI) tightly
s enclosing the seven light spots that are observable in the image (one spot per probe, see
s the green circles in Fig. 1(e) delimiting the ROIs). Our code, developed under Labview
17 environment, automatically de nes the ROIs as 16-pixel diameter disks centered with respect
s 10 the maximum signal. The image pixels located within each ROI are integrated to obtain
160 Seven detection signals sampled at 0.06 s. A chromatic Iter (544/24 nm band pass lIter
1o from Semrock) is positioned in front of the camera to Iter out the spurious Cerenkov signal
1 (stem e ect) generated in the bers upon exposuré?.

3



[I.B. Optical readout . MATERIAL AND METHODS

Figure 1: (a) Schematic of the bundle of 7 bers arranged in an hexagonal lattice. (b)
Photograph of the multiprobe detector. Green laser light is coupled to the free bare facet
of the ber bundle to identify in the image the six scintillation cells (six green spots are
observed due to light scattering of the ber modes by the scintillators). (c) Schematic of a
cross-section of the MPD at the location of probe P4 (cf. (b)). The green and gray disks
represent the cross-sections of the scintillating cell and bers, respectively. (d) Magni ed
optical images of the six scintillation cells at the end of the ber bundle. (e) Image of
the bare face of the ber bundle by the sSCMOS camera when white light is projected onto
the seven probes. (f) Schematics of the experimental setup involving a water tank, the
multiprobe detector positioned onto a 2D motorized stage and a photometer based on a
sCMOS camera coupled to an objective (Obj.) and a band-pass Iter (BP). (g) Photograph
of the experimental setup.
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ll. MATERIAL AND METHODS II.C. Brachytherapy system

[I.C. Brachytherapy system

A MicroSelectron afterloader with a 9.14 Ci Ir-192 HDR source (Air kerma strength of 37309
U) is used for irradiation.

[1.D. Phantom

The probe characterization is conducted in a 40x30x30 énwater tank. The source catheter
crosses the tank widthwise (Figs. 1(f) and (g)). During experiments, temperature in the
water phantom varies from 17 to 19 (temperature assessment with a thermometer before
and after the experiments). The MPD is xed to a solid-water holder that is attached to a
2D translation stage via a plastic adaptor (Figs.1(f) and (g)). The ber probe is set parallel
to the source catheter. A coordinate frame of the set-up is de ned so that the origin of the
frame coincides with the scintillators of the proximal probe?1. The source-probe spacing
along the (0x) and (0z) axes is determined with the motorized stage and the afterloader,
respectively.

[I.E. Detector calibration

The MPD is calibrated along seven lines parallel to the (0z)-axis. These lines are spaced
by 5.5, 8, 10, 15, 20, 30 and 40 mm (along (0x)) from the axis of the source catheter.
First, the MPD is positioned at the desired source-probe inter-catheter spacingwith the
motorized stage. Then, the source is displaced along the xed source catheter by 2.5-mm
steps. The calibration curves are obtained by integrating 165 images per source position.
An interpolation (performed with the "interp" function of Matlab software) is applied to

the measured pro les to obtain a 0.1-mm sampling rate. During calibration, we verify with
the scintillator-free ber probe P5 that no optical signal (stem e ect) is detected with the

chromatic Iter positioned in front of the camera.

The signal-to-noise ratio (SNR) of the six scintillating probes forming the detector is
assessed at the dwell positions corresponding to the maxima of all the above-mentioned
calibration curves, at the seven source-probe spacingsranging from 5.5 mm to 40 mm.
The SNR is the average amplitude of the signal divided by its standard deviation.
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[I.F. Dwell position and dwell time veri cation . MATERIAL AND METHODS

II.F. Dwell position and dwell time veri cation

II.LF.1. Measurements

To test the MPD, an irradiation protocol consisting of 40 dwell positions is applied for
each value of source-probe spacing alongxf0 The dwell positions are spaced by 2.5 mm
and the dwell time is xed to 10 s. Note that 2.5-mm is the minimum displacement step
allowed by our afterloader. With a source tracking accuracy of 0.0230.077 mn¥°, our sub-
millimeter scintillating probes are suitable to accurately track shorter sources steps (e.g., 1
mm steps). The dwell time value has been xed to 10s for a direct comparison of our source-
tracking results with those of Linares et alt®. Note that our scintillating probes have already
demonstrated their e ectiveness in monitoring dwell times ranging from 0.2s to 1£8.

[I.F.2.  Source position monitoring

The instant position of the source at each acquisition time is retrospectively determined from
the output signals of the MPD and the source activity using the calibration curves presented
in sectionll.E.. To ensure that the transitory phases between two successive dwell positions
are not taken into account in the source tracking, the rst and the last signal points for each
dwell position are ignored. These transitory phases, which last a few tens of millisecotds
correspond to the displacement of the radioactive source between two dwell positions.

During a treatment delivery, each probg (1 <j < 7) of the MPD delivers a temporal
signal S;(t). At each instantt = k , wherek 2 N and is the acquisition time of the
camera, the instant source position is deduced from the readout sigril as follows.

First, function fj" is de ned for each probg as:

t'@= G s; (1)

whereC;(z) and Sj" are the calibration curve and the readout signal of th¢"" probe at
the k™ time step, respectively.z corresponds to the spatial coordinate along the axis of the
source catheter. Calibration curves being symmetric regarding tlecoordinate, each probe
provides two likely instant source positions located on both sides of functidq‘f. Therefore,
at minimum two probes are necessary to unambiguously determine the position of a stepping

6
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. MATERIAL AND METHODS [I.F. Dwell position and dwell time veri cation

BT-source.

The instant source positionZ* is determined using four di erent methods involving
various manipulations of functions‘jk. To nd the inter-probe spacing which optimizes source
tracking accuracy (for detector design purpose), source position veri cation is realized from
a "two-probe” dosimetry using Eq. 2 M =1). j; 2 [1;6]n5 andj, 2 [2; 7]n5 are the indices
of the probes forming the 15 probe pairsj(,j,) allowed by our detector. The inter-probe
spacing ranges from 5 mm to 52 mm. Probe P5, which is bare to assess in- ber Cerenkov
e ect, is not involved in the source position monitoring. Source tracking is systematically
analyzed from each of the 15 probe pairs of the detector.

Z¥ (z) = min hfj"l(z) + fjkz(z)i , (2)

We also tested and compared three di erent source tracking algorithms. In each case,
all the six scintillating probes are involved in the source position monitoring during the
treatment delivery. The two rst values of the instant source position ZX, m =2 and 3)
are calculated from the readout signals of probe pairs dynamically chosen among the six
available probes of the MSD. In both of these two-probe measurements, the source position
is de ned from Eg. 2 with indicesj, and j, which vary with the source position along (0z).
Probe pairs are dynamically chosen to provide the higher readout signal®£2) or on the
basis of a maximum gradient of their calibration curves at the source positiomE3). The
last z-coordinate of the sourc&Zf is determined by adding functionsfj" of all seven probes.
We have:

" #
k — mi Xt k .
Z;(z) = min f(2) ; 3)
1

i=
[I.LF.3. Dwell time veri cation

The monitoring of an HDR-BT treatment is known to produce a staircase temporal sig-
nal'*1>2% The dwell times of the stepping source, which correspond to the duration of the
plateaus in between two successive signal edges, can be simply determined from an edge de-
tection within all readout signals of our MPD system. Our edge detection approach involves
function FX de ned as:
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[1l. RESULTS

X6
k — k+1 k .
F*= | S A 4)
j=1
By adding the signal derivatives from all probes, our algorithm is expected to reduce
undesired uctuations in the edge detection function (due to readout noise), as compared to
that of a single probe detector.

I1l. Results

IIlLA. Detector speci cation and calibration

The speci cation of the scintillating probes forming the MPD can be found in Ref?. The
linearity coe cient of the probes exceeds 0.999 regardless of the source-probe spackgs
The deviation to repeatability remains below 2% for all values of. The energy dependence
of the ber probes forming the MPD, referred to as the single-probe MSD, has already
been characterized in a past studif. Figure 2(b) shows the calibration curves of the MPD
acquired at source-probe spacingsof 10, 20 and 30 mm. Six gaussian-like pro les are shown
per source-probe inter-catheter spacing (one pro le per probe), whose maxima coincide with
the probe positions along (0z), as depicted in Fig. 2(a). The SNR of the probes forming the
detector varies from 110-140 down to 20-25 at source-probe spacirgsf 5.5 mm and 40
mm, respectively.

[1l.B. Source position monitoring

[1.B.1. Optimal probe-to-probe spacing

The aperiodic scintillator array of our MPD enables 15 probe pairs whose inter-probe spac-
ings vary from 5 mm to 52 mm. To identify optimal inter-probe spacings for the future
MPD designs, we analyzed the accuracy of the source position veri cation over these 15
probe pairs, versus the inter-probe distanca along the detector axis (0z) (see Fig. 3). The
instant source position is determined fronZ ¥ function, cf. Eq. 2 (m = 1). The displacement
range of the BT source along (0z) varies with the inter-probe distance as z +2 0:75 cm
(see inset of Fig. 3(b)).




1. RESULTS [11.B. Source position monitoring

Figure 2: (a) Schematic of the experimental set-up in the water tank. The coordinate
frame de ning the axis convention is shown in the top-left corner. The source and MPD are
represented in red and green, respectively. All seven positions of the MPD de ning source-
probe spacingx ranging from 5.5 to 40 mm are represented with dashed lines. The source
and MPD move along the (0z) and (0x) axes, respectively. (b) Calibration curves of the
MPD used for source tracking atx equal to 10, 20 and 30 mm.
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[11.B. Source position monitoring I1l. RESULTS

Figure 3: Optimal inter-probe spacing for source tracking. (a) O set between the measured
and planned dwell positions along (0z)z, and zrps, respectively) as a function of the
inter-probe distance z. The measured dwell positionze,, corresponds to the average of
the instant source positionZ¥ (see Eq. 2) over a dwell time. Each error bar shows for
one source-probe inter-catheter spacing(see inset of (a)) the o set analysis to the planned
dwell positions (mean and standard deviation). This analysis is performed oveicoordinates
spanning over z +2 0:75 cm (see inset of (b)). (b) SD of the experimentally determined
source positionZX versus the inter-probe distancez . Each error bar shows the distribution
(mean and standard deviation) of the SD for dwell positions withinz +2 0:75 cm (see
inset of (b)), at a given source-probe inter-catheter spacirng (see inset of (a)).

We see from Fig. 3(a) that the minimum deviation to the planned dwell positions
occurs at z values in-between 15 mm and 35 mm, regardless of the source-probe inter-
catheter spacingx. In that z range, the o set distribution to the planned dwell positions
does not exceed 0.05 0.15 mm atx=30 mm (0:15 0:41 mm atx=40 mm). The SD of the
measured instant source positioZ¥ reaches minimum values atz in between 087x and x
(see Fig. 3(b)). This property, which is observed for all values of ranging from 5.5 mm to
40 mm, is imputed to the broadening of the calibration curves along (0z) as the source-probe
inter-catheter spacingx increases (cf. Fig 2). The tighter distributions of SD are of 0.2
0.022 mm, 0.82 0.12 mm and 1.78 0.12 mm atx =10, 20 and 30 mm, respectively.

10



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

3

=

6

1. RESULTS [11.B. Source position monitoring

[11.B.2.  Source tracking: two-probe versus all-probe detection strategies

A six-probe detector enables numerous detection strategies for source tracking. In Fig. 4,
we compare three algorithms which involve dosimetry either from probe pairs dynamically
chosen during the treatment delivery (cf.Z5 and ZX of Eq. 2) or from all the probes of the
detector (cf. ZX of Eq 3).

At source-probe spacingx below 15 mm, all three source-tracking algorithms show
similar accuracy. The mean and standard deviation of the o set to the planned dwell po-
sitions do not vary by more than 0.008 and 0.014 mm, respectively, from one method to
another (Fig. 4(a)). With the two higher signal method (cf. Z§ of Eq. 2), the deviation
to the planned dwell positions, which is of 0.0070.138 mm atx=20 mm, increases up to
0.20 1.12 mm atx= 40 mm. As a comparison, the dwell position veri cation from the
two signals of steeper gradients (calculation dX) leads to a mismatch to the treatment
plan of 0.027 0.115 mm and -0.110.68 mm atx equal to 20 and 40 mm, respectively.
Source tracking from all detected signals (calculation &%) is much less impacted by the
enhancement of the source-probe inter-catheter spacirg The o set to the planned dwell
positions is of 0.029 0.078 mm atx=20 mm and 0.02 0.19 mm atx=40 mm, respectively.

The SD of the instant source position determined from the three above-mentioned meth-
ods is reported in Fig. 4(b). For source-probe distances below 15 mm, all three methods
determine the instant source positions with almost the same accuracy. Wh&nexceeds 20
mm, the dwell position veri cation from the two higher detected intensities (calculation of
Z¥X) is the less accurate. A detection from all probes (cZX) minimizes signal uctuations.

Fig. 5 displays a detailed representation of the source position determined from all
scintillating probes, which correspond to the analysis shown in Fig. 4 (cf. black error bars).
Fig. 5(a) reports the error to the planned dwell positions, which corresponds to the di erence
between the planned and measured dwell positionzres and ze,,, respectively). Fig. 5(b)
reports the SD of the instant source positiorZ, i.e., the SD of the distribution of source
positions measured at a rate of 0.06s during a dwell time. Noticeable enhancement of the
SD is observed when the source is positioned out of the region where the probes are located,
i.e., in between the detector and probd; (zex, < 0) or beyond probeP; (zex, > 5:2 cm
; cf. Fig. 1(b) and Fig. 2). This local uctuation enhancement is maximum wherx=5.5

11



[11.B. Source position monitoring I1l. RESULTS

Figure 4: Source tracking: two-probe versus all-probe algorithms. (a) O set between the
measured and planned dwell positions along (02}, and zrps, respectively) as a function

of the source-probe inter-catheter spacing. The measured dwell positioree,, corresponds

to the average of the instant source position over a dwell time. The instant source position
corresponds toZX, Z¥X or ZX (cf. Egs. 3 and 2; see inset of (b)). Each error bar shows
for one algorithm (see inset of (b)) the analysis of the o set to the planned dwell positions
(mean and SD). This analysis is performed over a range of source positions along (0z) of
10 cm. (b) SD of the experimentally determined instant source positiorigs, ZX and zX.
Each error bar shows for one algorithm (see inset of (b)) the analysis (mean and SD) of the
distribution of SD for dwell positions spanning over 10 cm (along (0z)).
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1. RESULTS [11.C. Dwell time veri cation

Figure 5: Analysis of an "all-probe" source tracking. (a) O set between the planned and
experimentally determined dwell positions along (0z)zfps and Ze,, respectively). ze, is

the average of the measured instant source positictf over a dwell time. The mismatch

to the planned dwell positions is shown for seven values of the source-probe inter-catheter
spacingx (see legend of (b)). (b) SD of the measured instant source positi@f along (0z)

as a function of the z-coordinate. Here again, seven source-probe spacingse considered
(see legend). Insets of (a) and (b), schematic of the multiprobe detector which identi es the
z-coordinates of the scintillators on the graphs (with dashed lines).

mm and lessens as the source-probe spacingncreases, to nally vanish atx=20 mm. On

the contrary, the o set to the planned dwell positions remains at the same level over the
entire displacement range of the stepping source (i.e., 10 cm), regardless of the source-probe
spacingx (cf. Fig 5(a)).

[11.C. Dwell time veri cation

In Fig. 6, we report the analysis of the o set T between the measured and planned dwell
times (Texp and Trps, respectively) as a function of the source probe inter-catheter spacing
X. The error bars show the mean and SD of the o set to the planned dwell times (calculated
over 40 dwell positions). The average of T is estimated to be -0.006 0.009 s.
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