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Purpose: The goal of this study was to prove the feasibility of using a single-fiber multipoint plastic
scintillation detector (mPSD) as an in vivo verification tool during 192Ir high-dose-rate brachytherapy
treatments.
Methods: A three-point detector was built and inserted inside a catheter-positioning template placed
in a water phantom. A hyperspectral approach was implemented to discriminate the different optical
signals composing the light output at the exit of the single collection optical fiber. The mPSD was
tested with different source-to-detector positions, ranging from 1 to 5 cm radially and over 10.5 cm
along the longitudinal axis of the detector, and with various integration times. Several strategies for
improving the accuracy of the detector were investigated. The device’s accuracy in detecting source
position was also tested.
Results: Good agreement with the expected doses was obtained for all of the scintillating elements,
with average relative differences from the expected values of 3.4 ± 2.1%, 3.0 ± 0.7%, and 4.5
± 1.0% for scintillating elements from the distal to the proximal. A dose threshold of 3 cGy improved
the general accuracy of the detector. An integration time of 3 s offered a good trade-off between
precision and temporal resolution. Finally, the mPSD measured the radioactive source positioning
uncertainty to be no more than 0.32 ± 0.06 mm. The accuracy and precision of the detector were
improved by a dose-weighted function combining the three measurement points and known details
about the geometry of the detector construction.
Conclusions: The use of a mPSD for high-dose-rate brachytherapy dosimetry is feasible.
This detector shows great promise for development of in vivo applications for real-time
verification of treatment delivery. © 2013 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4803510]
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I. INTRODUCTION

Whether to verify a planned dose is delivered accurately or
to measure the dose to surrounding healthy tissues or organs
and thus prevent secondary effects, there is a growing in-
terest in development of in vivo detectors for radiation ther-
apy and radiation oncology.1–15 Since the treatment dose is
delivered in a few fractions by a moving radioactive source
and high dose gradients are involved, high-dose-rate (HDR)
brachytherapy is among the main applications for real-time
in vivo dosimetry systems. Many groups have investigated
the development of real-time detectors that can be inserted
in catheters or anatomical orifices, and various types of de-
tectors have been used (MOSFETs, RL/OSLDs, diodes, plas-

tic scintillators).3, 5, 6, 16–23 However, most of these detectors
are limited to a single point of measurement, thereby limiting
the number of dose measurements that can be performed si-
multaneously within a spatially constrained region (e.g., in a
catheter).

Multipoint detectors using MOSFETs (Ref. 11) or
diodes3, 22 have been investigated, but plastic scintillation de-
tectors (PSDs) have been shown to possess characteristics that
are advantageous over those of other detectors.18, 24–26 Wa-
ter equivalence, response in nanoseconds, submillimetric size,
linear response to dose, and independence of the response to
energy above ∼100 keV and independence to dose rate are
among the advantages. Cartwright et al.16 developed a system
composed of 16 detectors, but that system required one optical
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guide per point of measurement and was 20 mm in diameter,
which limited its application to a few anatomical sites (e.g.,
rectum). The theoretical and practical feasibility of develop-
ing a multipoint plastic scintillation detector (mPSD) that uses
only a single collection optical guide was demonstrated re-
cently for high-energy external beam radiation therapy.27, 28

The purpose of this study was to adapt such a detector for use
in 192Ir HDR brachytherapy and to investigate its potential as
a real-time in vivo detector.

II. MATERIALS AND METHODS

II.A. The detector

We built a three-point PSD similar to one described in a
previous report.28 The same scintillating elements were used
(BCF-10, BCF-12, and BCF-60; Saint-Gobain Crystals, Hi-
ram, OH) but, as shown in Fig. 1, the positions of the BCF-10
and BCF-12 scintillating elements were swapped to optimize
the optical separation of the different signals. Since the ele-
ment at the tip (scintillator #1) is more subject to the attenua-
tion from the multiple interfaces, it was made longer (3 mm)
than the two others (2 mm). Scintillating fibers and clear opti-
cal fibers (Eska GH-4001; Mitsubishi Rayon Co., Ltd., Tokyo,
Japan) were all 1 mm in diameter. The optical stubs (Eska
GH-4001) separating scintillating element #1 from #2 and
scintillating element #2 from #3 were, respectively, 2.2 and
2.3 cm in length. The proximal end of scintillating element #3
was coupled to a long (∼15 m) polymethyl-metaacrylate clear
optical fiber (Eska GH-4001). The coupling between the dif-
ferent light transmission components was improved from that
employed in the previous study by using an index-matching
epoxy (Epo-Tek 305, AngstromBond; Fiber Optics Center,
New Bedford, MA).

The detector was made light-tight by tightly fitting a black
jacket pulled from shrink tubing inside the 1.4-mm-diameter
catheter. The part of the mPSD that was not inserted inside the
catheter was made light-tight by covering it with a polyethy-
lene jacket with an outside diameter of 2.2 mm, and the tip
was covered with a 3-mm-long and 1-mm-diameter graphite
and polyethylene cap. To enable implementation of the hy-
perspectral approach described by Archambault et al.,27 we

FIG. 1. System of coordinates used in this study to express the position of
the 192Ir brachytherapy source relative to the mPSD. The center of scintillator
(Scint.) #1 was defined as z = 0, r = 0.

FIG. 2. Experimental setup and positioning template system (embedded).
Catheters were connected to transfer tubes, which were connected to the af-
terloader. The PSD was connected to the spectrometry setup outside the treat-
ment room (Ref. 29).

used a spectrograph (Shamrock; Andor Technology, Belfast,
Northern Ireland) coupled to a charge-coupled device camera
(iDus; Andor Technologies) to measure the optical spectrum
of the incoming light from the mPSD. The long optical fiber
was connected to the spectrograph through a SubMiniature
version A connector (Thorlabs, Newton, NJ).

II.B. Delivering the dose

Except for some irradiations used for calibration, all of
the irradiations in this study were performed with a HDR
brachytherapy 192Ir source (microSelectron v2; Nucletron,
Veenendaal, The Netherlands) inside a water tank in which an
inhouse-developed catheter-positioning template, described
previously and shown in Fig. 2, was placed.20, 29 Catheters for
dose delivery were pulled straight inside the template by us-
ing clamping buttons (Nucletron) and placed in parallel to a
catheter for mPSD insertion at radial distances of r = 1.0,
r = 2.0, r = 3.0, and r = 5.0 cm. The source used in this study
had an air-kerma strength of 23 976.5 U.

II.C. Calculating the expected dose

A script has been developed using MATLAB (Mathworks,
Natick, MA) to calculate the expected dose (Dref) at any
given position around the microSelectron v2 192Ir radioactive
source. The line source model recommended by Task Group
43 of the American Association of Physicists in Medicine
(AAPM) was implemented.30 The expected dose rate (Ḋ) per
unit air-kerma strength (SK) was calculated from Eq. (1)

Ḋ
/
SK

= � · G(r, θ )

G(r0, θ0)
· F (r, θ ) · g(r). (1)

The radial dose function g(r), the anisotropy factor F(r, θ ), the
geometry function G(r, θ ), and the dose rate constant � in
water were determined by Daskalov et al.31 for this particular
irradiation source and are used here. Therefore, the expected
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dose rate could be calculated at any position and the expected
dose could be obtained by multiplying the dose rate by the
integration time at that position.

II.D. Measuring the dose

The recently developed framework for mPSDs is based on
the assumption that the detected light is a linear superposition
of the light coming from each light-emitting component.27, 28

Therefore, any measured light spectrum (m) can be expressed
as a linear superposition of the normalized spectral distribu-
tion (r) of all of its light components [see Eqs. (2) and (3)]

m = rBCF-60xBCF-60 + rBCF-12xBCF-12

+ rBCF-10xBCF-10 + rStemxStem, (2)

m = Rx, (3)

where x represents the vector containing the intensity factors
from each light-emitting component which include the three
scintillating elements and the stem effect. The solution for x
in this system of equations can be obtained by using the left
pseudoinverse technique27 and is given by

x = (RT R)−1 RT m. (4)

To obtain the dose to each scintillating element from the vec-
tor x obtained under any irradiation condition, at least one
known-dose (Di,calib) irradiation to each scintillating element
must be performed and the associated intensity factor (xi,calib)
under this condition determined. The dose under any condi-
tion can then be calculated from the following:

Di,meas = Di,calib.(xi,meas./xi,calib.). (5)

The stem effect light spectrum, even if composed of fluores-
cence and Cerenkov light, does not vary much among dif-
ferent irradiation conditions for the HDR brachytherapy 192Ir
source used in this study.32 Therefore, only a single stem ef-
fect spectrum is required to account for the combined fluo-
rescence and Cerenkov light. This spectrum (rStem) was ac-
quired through irradiation of the clear optical fiber prior to the
mPSD assembly using the HDR brachytherapy 192Ir source.
Once the mPSD was assembled, the scintillating elements’
light spectra were obtained by irradiating each of the scin-
tillating elements individually using a lead-collimated (2-mm
diameter) 125 kVp x-ray beam from a superficial therapy unit
(Philips RT-250; Philips Medical Systems, Andover, MA). Ir-
radiating only the scintillating elements with a beam of en-
ergy under the threshold for Cerenkov production in PMMA
(∼178 keV) allowed recording spectra that were assumed to
be purely coming from the scintillation. All spectra were nor-
malized to the area under the curve.

In the next step, the 192Ir source was moved along the z-
axis (Fig. 1) by 0.5-cm steps over a total range of 10.5 cm
in the source delivery catheter at r = 2 cm, and at least three
5-s acquisitions were performed per source position. The val-
ues obtained for xmeas were fitted with the expected dose dis-
tributions along z for the different radial distances. This al-
lowed determination of the position of effective maximum
light emission from each of the scintillating elements. The

position of that maximum for scintillating element #1 was de-
fined as the z = 0 cm reference (Fig. 1). The scintillating ele-
ment #2 emission peak was determined to be z = 2.53 cm and
that of scintillating element #3 z = 4.99 cm, both of which
correspond quite well to the expected distances between the
scintillating elements calculated for actual construction of the
mPSD. To complete the process of calibration of the mPSD,
the measurements performed for the 192Ir source positions of
r = 2 cm and z = −0.11, z = 2.39, and z = 4.89 cm were
used to determine the calibration factors (Dcalib and xcalib) for
scintillating elements #1, #2, and #3, respectively. With the
calibration factors determined, dose could then be calculated
from any other measurements using Eq. (5).

II.E. Assessing the uncertainties

The error propagation in this experiment was carried out,
as proposed by Andersen et al.,6 using a simple Monte Carlo
technique where any variable was assumed to follow a Gaus-
sian distribution of average μ and standard deviation σ . For
example, the uncertainty on the source-to-detector position
was used to determine the uncertainty on the calibration doses
as well as any other expected dose. The uncertainty in source-
to-detector positioning using the template was assumed to
be the same (�r = ±0.2 mm, �z = ±0.4 mm) as in pre-
vious studies that used the same template.20, 29 Independent
values were sampled for r and z from a normal distribution
with a mean given by the expected position and the stan-
dard deviation being equal to the uncertainty in position-
ing. The dose corresponding to this position was then cal-
culated. This process was repeated 10 000 times, resulting
in a distribution of error-convoluted dose values. The mean
and standard deviation of this distribution were considered to
be the average dose and its associated uncertainty. This was
performed for all of the dwell positions used in this study.
This error propagation process was used for the calculation
of various parameters during this experiment as defined in
Table I.

The uncertainties on Dcalib and Dref were subject only to
the positioning uncertainties, while the calculation of Dmeas

relied on multiple variables as expressed in Eq. (5). At least
three spectra m were acquired for each of the irradiation con-
ditions and dwell positions. After passing each of these spec-
tra through a sliding median filtration process and binning
pixels in groups of five (∼2 nm/bin), the average and stan-
dard deviation over those multiple spectra were calculated for
each of the wavelength values composing the spectra. This al-
lowed determination of the average and uncertainty on m in
Eq. (4). The uncertainty on the different spectra composing R
was also calculated from multiple spectral acquisitions by fol-
lowing the same process. Assuming normal distributions for
R and m, the average and uncertainty on x can be obtained
from Eq. (4) using the same independent sampling process
explained in the previous paragraph. Finally, knowing the av-
erage value and uncertainty of xcalib, xmeas, and Dcalib, the av-
erage and uncertainty of the measured dose (Dmeas) can be
obtained through the same independent sampling process by
using Eq. (5).
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TABLE I. The variables of dose determination and how uncertainties were
calculated.

Variable Description Uncertainty

m Measured spectrum Standard deviation over multiple
measurements for each wavelength
(2 nm bins) of the total spectrum.

R Normalized
light-emitting spectra

Standard deviation over multiple
measurements for each wavelength
(2 nm bins) of the four individual
spectra.

xmeas, xcalib Intensity factor under
measurement (meas)
or calibration (calib)
conditions

Standard deviation of the distribution
obtained by Eq. (4) from sampling of
m and R.

Dcalib Calibration dose Standard deviation of the calibration
dose distribution obtained from
repeated sampling of the
source-to-detector calibration
position with Eq. (1).

Dmeas Measured dose Standard deviation of the dose
distribution obtained by Eq. (5) from
repeated sampling of Dcalib, xmeas,
and xcalib.

Dref Reference or expected
dose

Standard deviation of the expected
dose distribution obtained from
repeated sampling of the
source-to-detector measurement
positions with Eq. (1).

II.F. Experiments

II.F.1. Basic measurement technique

The 192Ir HDR brachytherapy source was moved from po-
sition z = −2.61 to z = 7.89 cm by 0.5-cm steps in each of
the catheters. These limits were chosen such that the dwell
positions cover at least 2.5 cm below and over the proximal
and distal scintillating elements along z. The catheters were
placed at radial distances of 1.0, 2.0, 3.0, and 5.0 cm from
the mPSD by using the template. The dwell time at each po-
sition was over 20 s, such that at least three complete 5-s ac-
quisitions could be performed per dwell position. The mea-
sured dose to each position was obtained and compared to the
expected dose by calculating the accuracy (or relative differ-
ence) as defined in Eq. (6)

Accuracy = Dmeas − Dref

Dref
× 100%. (6)

II.F.2. Multiple scintillator weighted approach

Having access to dose measurements from multiple scintil-
lating elements along the same line should improve the deci-
sion process during in vivo dosimetry for HDR brachytherapy,
i.e., whether treatment delivery should be halted because of a
detected inconsistency with the dose expected from the treat-
ment plan. Therefore, a weighted approach was investigated

to improve detector accuracy by using combined information
from all three scintillating elements and defined as follows:

Weighted output =
∑N

i=1 Wi ∗ Mi

/∑N
i=1 Wi

, (7)

where Wi is the weight and Mi is the output parameter from
each scintillating element i. In this particular case, M cor-
responds to the accuracy. The weighting factor used in this
study was the squared dose divided by the squared standard
deviation (D2/σ 2).33

II.F.3. Using a dose threshold

Another approach investigated to improve the error deci-
sion process was imposition of a dose threshold on the mea-
surements such that a measurement at a point where the dose
is under the threshold will not be taken into account. Various
threshold values were studied (1, 3, 5, and 10 cGy).

II.F.4. Integration time analysis

The impacts of integration time and of radial distance on
the uncertainty of the measured dose were also investigated.
For a single dwell position per catheter (z = 2.39 cm) and a
dwell time of 90 s, acquisitions were performed with different
integration times (1, 3, 5, 10, and 20 s). The relative uncer-
tainty was calculated from the ratio between the standard de-
viation and average over the multiple acquisitions performed
at each position.

II.F.5. Uncertainty sources

The uncertainty was calculated on each of the dose mea-
surements and accuracy calculations in this study. Neverthe-
less, it was also important to evaluate the source of these
uncertainties. To break down the impacts of positioning
and measurement uncertainties on accuracy calculation [see
Eq. (5)], the sampling process was performed three times:
once with measurement as the only variable (normal distribu-
tion with standard deviation), once with position as the only
variable, and once with both measurement and position un-
certainties accounted for.

II.F.6. Source position accuracy

Finally, the ability of the three-point mPSD to detect the
radioactive source position was tested. Knowing the expected
dose distribution along z for a particular radial distance, the
position on z was inferred from the measured dose from each
of the scintillating elements at the four different radial dis-
tances. Since the mPSD is held straight inside a catheter and
the distance between the scintillators is known, the measured
positions were combined, which should lead to better accu-
racy in position determination than use of any one scintillat-
ing element independently. The weighted approach was also
investigated for this experiment. Furthermore, to physically
evaluate the source positioning uncertainty from the after-
loader, irradiations at seven different dwell positions 1 cm
apart were repeated five times with the mPSD fixed to the
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FIG. 3. For (a) r = 1 cm, (b) r = 2 cm, (c) r = 3 cm, and (d) r = 5 cm: (Top) Dose measured by each scintillating element (Scint.) together with the calculated
expected dose. (Bottom) Accuracy of the measurement. Scint.1 is at z = 0 cm, scint. 2 at z = 2.53 cm, and scint. 3 at z = 4.99 cm.

same position. The calculated uncertainty was compared to
the estimated value of 0.4 mm.

III. RESULTS

The doses and associated uncertainties measured with each
of the scintillating elements composing the mPSD are shown
in Fig. 3 for various r and z positions. The expected doses are
also represented. The accuracy of each scintillating element in
measuring dose was calculated by using Eq. (6) and is shown
in the bottom panels of Fig. 3. The average over the accuracy
measurements was calculated for each radial distance and is
shown in Table II for each scintillating element.

TABLE II. Averaged accuracy and standard deviation (sd) for dose mea-
surement by each scintillating element (Scint.) of the mPSD and with the
weighted combination for different radial distances r.

Averaged accuracy ± sd (%)

Scint. 1 Scint. 2 Scint. 3 Weighted

r = 1 cm 7.0 ± 3.3 3.7 ± 3.2 5.4 ± 5.2 4.6 ± 3.2
r = 2 cm 2.1 ± 1.4 2.0 ± 2.6 3.2 ± 2.9 0.8 ± 0.6
r = 3 cm 1.7 ± 1.2 2.7 ± 1.8 3.8 ± 3.4 0.7 ± 0.4
r = 5 cm 2.8 ± 2.0 3.5 ± 1.8 5.6 ± 3.2 1.9 ± 1.0

III.A. Accuracy, precision, and the multiple
scintillator technique

The accuracy and precision of the detector were improved
by taking advantage of the multiple simultaneous measure-
ments in a combined, weighted function. Figure 4 shows the
improvement obtained by using this approach in comparison
to each scintillating element individually for multiple source
positions at r = 3 cm. The rightmost column of Table II gives
the averaged accuracies obtained for the different radial dis-

FIG. 4. Effect of the weighted approach combining measurements from each
scintillating element (Scint.) on dose measurement accuracy at r = 3 cm.
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FIG. 5. Effect of various dose thresholds on the averaged accuracy measure-
ment for scintillating element #3.

tances. Accuracy also was improved by considering only the
positions where the dose was over a certain threshold, as de-
picted in Fig. 5. As would be expected, the accuracy improved
progressively with increasing threshold values.

III.B. Effect of integration time and radial distance

The choice of integration time impacted the relative un-
certainty of the measured values. Figure 6 demonstrates that

FIG. 6. Relative uncertainty of the measurements from scintillating element
#2 as a function of integration time and radial source-to-mPSD distance.

the relative uncertainty of measurements coming from scin-
tillating element #2 decreased with longer integration. This
decrease came at the expense of a loss in temporal resolution.
Furthermore, the relative uncertainty increased with increas-
ing radial distance.

According to Fig. 7, the precision depended strongly
on the uncertainty associated with positioning, but also on

FIG. 7. Effects of the measurement, position, and total uncertainties on precision for all three scintillating elements: (a) Scint. 1, (b) Scint. 2, (c) Scint.
3 at r = 1 cm.
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FIG. 8. Maps of the offset between the expected and calculated positions of the 192Ir source as a function of the position of each of the scintillators (Scint.) and
of the weighted approach. Scintillator 1 is at z = 0 cm, scintillator 2 at z = 2.53 cm, and scintillator 3 at z = 4.99 cm.

uncertainty in the dose measurement. The uncertainty on mea-
surement was particularly important for lower dose rates.

III.C. Source position detection

Determining the source position appears to be a promis-
ing application for the mPSD, taking advantage of its multi-
point capacity. Figure 8 shows a map of the offsets between
the expected and measured positions of the 192Ir source for
each scintillating element and for the weighted approach as
a function of positions r and z. The offsets were higher with
increasing distance from the scintillating elements. Propor-
tions of measurements above or below certain threshold off-
set values were calculated and are presented in Table III for
offset values of 0.5, 1.0, and 2.0 mm. The weighted approach
improved source position detection, as lower positioning off-
sets were obtained (see Table III). Finally, using the weighted
approach, the source positioning uncertainty from the after-
loader in the z direction was measured to be no more than
0.32 ± 0.06 mm. This agreed well with the assumed source
position uncertainty along the z direction used in this study,
0.4 mm.

TABLE III. Proportion of the measured positions above or below a certain
position offset threshold for the each scintillating element (Scint.) and for the
weighted approach.

Offset < 0.5 mm (%) Offset < 1 mm (%) Offset > 2 mm (%)

Scint. 1 28 60 11
Scint. 2 43 63 16
Scint. 3 36 47 38
Weighted 59 69 13

IV. DISCUSSION

IV.A. Improvements over previous mPSD

The dose measurements performed with the three-point
plastic scintillation detector were in good agreement with the
expected dose calculated from the Task Group 43 formalism
and Daskalov et al.31-recommended parameters for the
microSelectron v2 192Ir source.30 The three scintillating
elements showed comparable accuracies, with average values
of 3.4 ± 2.1% for scintillator #1, 3.0 ± 0.7% for scintillator
#2, and 4.5 ± 1.0% for scintillator #3. The similarity between
the accuracies was an improvement on the mPSD previously
used.28 The difference can be explained by modifications
made in construction of the detector.

The change in the position of the scintillating elements
(swap between BCF-10 and BCF-12) was made such that
the scintillating element whose emission spectrum overlapped
the most with other light-emitting spectra was placed clos-
est to the photodetection setup. This contrasted with the fact
that this position was less subject to optical attenuation from
multiple interfaces. The use of an index-matching epoxy also
helped to decrease the attenuation at each coupling interface
and, indeed, increased the intensity of the signal from scintil-
lating elements #1 and #2 that made it up to the spectrometry
setup. Increasing the length of the distal scintillating element
(#1) contributed to its accuracy improvement relative to the
other elements.

IV.B. Accuracy and position

Table II reveals that the worst accuracies were obtained for
the source positions radially the closest to the mPSD. Even if
the generated light signals were higher because of the stronger
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doses at these positions, the higher dose gradients led to a
substantial uncertainty on the expected dose due to the uncer-
tainty in source positioning, a small position error leading to
high discrepancies. This can be seen on Fig. 3(a) for r = 1 cm
where the expected dose range was larger than for other radial
distances [Figs. 3(b)–3(d)]. At this distance, gradients up to
15% mm−1 were observed. Notably, the expected dose values
in this study were calculated from a finite point in space with
the dose distribution line-source model.30, 31 For small radial
distances, approximating the scintillator as a point in space
may not be completely accurate. The dose gradient not being
constant in that region, a spatial integration over the scintilla-
tor’s volume would have led to higher expected doses.

However, this effect falls off as the radial distance from the
source increases. As an example, for z = 0, averaging the dose
at r = 0.95 cm and the dose at r = 1.05 cm leads to a dose that
is 0.75% higher than the point dose at r = 1.0 cm. The same
calculation around r = 2, r = 3, and r = 5 cm leads to respec-
tive discrepancies in the expected dose of 0.2%, 0.07%, and
0.02%. If this shows a stronger effect along the radial direc-
tion, the same discussion can be held about the dose distribu-
tion along the z-axis. It is also important to consider here that
the uncertainty on the expected dose was solely accounted for
by the uncertainty in positioning. AAPM Task Group 138 and
GEC-ESTRO reported the expanded relative propagated un-
certainty (k = 2 or 95% confidence level) for dose at 1 cm
of high-energy brachytherapy sources along their transverse
plane to be 6.8%.34 The reported average accuracies and as-
sociated uncertainty for r = 1 cm of the present study, shown
in Table II, are not statistically different than that value. It is
also interesting to note that the averaged accuracies reported
for each scintillating element at the beginning of this section
are all close to the best practice uncertainty on measured dose
of 3.0% reported by the AAPM and GEC-ESTRO groups for
high-energy brachytherapy sources.34

IV.C. Dose threshold effect

Most of the 22 different dwell positions used for the mea-
surement of doses represented in Figs. 3(a)–3(d) were in a
quite low dose region (<1 cGy/s). It can be seen on Fig. 5
that considering only the positions where the delivered dose
was over a certain dose threshold led to improvement of the
average measurement accuracy. For this study, a threshold of
3 cGy appeared to strike a good balance between improving
the accuracy of the mPSD and discarding too many measure-
ment conditions. Another way to improve the accuracy of the
mPSD was to take advantage of the simultaneous measure-
ments at multiple positions. The use of the weighted approach
is recommended for future use.

IV.D. Clinical considerations and integration time

It was no surprise to observe improvement in the relative
uncertainty of the measurements as the integration time was
prolonged and as the source got closer to the mPSD, as repre-
sented in Fig. 6. Since longer time of integration and shorter
radial distance mean higher doses, the amount of light col-

lected was then increased considerably. However, it is advan-
tageous in an in vivo dosimetry system to keep the integra-
tion time as short as possible in order to increase the tempo-
ral resolution and to be able to measure the dose delivered
during shorter dwell times. With the present mPSD, an inte-
gration time of 3 s or longer would be recommended, since
that would keep the relative uncertainty of the scintillator rep-
resented here under 2.5% for all radial distances. This would
represent a good balance between temporal resolution and un-
certainty on dose for this particular situation and would allow
verification of the dose rate in real time for most of the dwell
positions of a HDR brachytherapy treatment, including mon-
itoring the source retraction from a given catheter.20

IV.E. Positional uncertainty effects on dose rate
and accuracy

Our examination of the source of uncertainties revealed
that positioning uncertainty and measurement uncertainties
are important, with different contributions depending on the
dose rate. The uncertainty on the intensity factor xmeas in-
creases as the source moves away from the scintillating
element along the z-axis, and this supports the higher con-
tribution from the measurement uncertainties on the preci-
sion under lower dose-rate conditions. This was not surprising
since the uncertainty on xmeas depends on the uncertainty of
the spectral acquisition m, which is more subject to noise as
the dose gets smaller. It may be noted from Fig. 7 that the pre-
cision was not constant for scintillator #2 at the lowest dose
rates. This actually depended on which side of the mPSD the
192Ir source was positioned.

The worst precision was recorded with the source far
from the scintillating element on the collecting fiber side. At
this position, the competition between signals with overlap-
ping spectra [BCF-10 (cyan), BCF-12 (blue), and stem-effect
(wide-spectrum)] may explain a decreasing ability to decou-
ple precisely the different signals in comparison to the case
where the competing signals are mostly coming from only
two sources [BCF-60 (green) and BCF-10 (blue)]. The preci-
sion from the measurement was constant and a non-negligible
factor at higher dose rates (around 2%), which can be ex-
plained by the fact that even if the uncertainty on xmeas de-
creased, the effect from the uncertainty on the calibration
(Dcalib and xcalib) was constant.

IV.F. Clinical application

Finally, mPSD was shown to be very promising for detec-
tion of 192Ir source position. Since the catheters used for dose
delivery were parallel to the catheter used for mPSD insertion,
it was possible to infer the source position from dose mea-
sured by each of the individual scintillating elements. How-
ever, as can be observed in Fig. 8 and Table III, the accuracy
of position determination was improved by the weighted ap-
proach using information coming from the three scintillating
elements simultaneously. Indeed, the source positions were
almost always close to at least one of the scintillating ele-
ments, and the weighted approach led to signal-to-noise ratio
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always acceptable for source-to-detector position calculation.
This was true for most of the radial positions, but the signal-
to-noise ratio at r = 5 cm appeared to be too low to achieve
measurement accuracy comparable to those of the other posi-
tions. The positioning measurement also verified that the es-
timated uncertainty in z-positioning of 0.4 mm was realistic,
since the average measured offset between the measurement
and expected positions was 0.32 ± 0.06 mm.

In this experiment, the mPSD was used for source posi-
tioning measurements with all catheters being parallel. This
technique could also be used in a setup in which all the
source coordinates are unknown (i.e., by triangulation). To
do this, however, the position of each scintillator relative to
all others has to be known. These positions would be quite
easy to determine for mPSDs, since the physical distance is
defined during the construction process and can be verified
during the calibration of the detector as it was done in this
study.

The development of a multipoint detector using only a
single optical collection fiber is very promising for clini-
cal applications as it enables in vivo measurement of the
dose at multiple points during HDR brachytherapy without
having to implant or insert multiple detectors. Indeed, the
mPSD technique proposed here is less invasive and more
versatile than multipoint detection methods developed pre-
viously. The detector developed by Cartwright et al.16 for
dose measurements at the rectal wall contained 16 scintilla-
tors and was a promising application of multiple single PSDs
for HDR brachytherapy, but its diameter was 20 mm, which
is almost ten times larger than the single-fiber three-point
mPSD used in this work. In contrast with the mPSD presented
here, the detector presented by Cartwright et al.16 lacked a
Cerenkov and stem effect suppression technique, which could
be problematic under some irradiation conditions, as already
pointed out.29 Finally, the mPSD offers better source position
detection (Table III) than the 2 mm reported by Cartwright
et al.16 The mPSD represents an important step toward ac-
ceptance of in vivo dose detector implementation in the
clinic.

V. CONCLUSION

In this study, the feasibility of using a mPSD to per-
form accurate dosimetry during 192Ir HDR brachytherapy was
demonstrated in a water phantom. The ability to assess dose at
multiple positions simultaneously through insertion of a sin-
gle millimetric water-equivalent detector is a very promising
innovation for HDR brachytherapy. Basic optimization dur-
ing the construction of the three-point mPSD improved the
overall accuracy of the detector. Considering only the mea-
surements when the dose to a given scintillator was over a
3-cGy threshold and merging the output from the three scin-
tillating elements through a weighting function increased its
dose measuring accuracy and precision. The choice of inte-
gration time was shown to involve a trade-off between tem-
poral resolution and measurement uncertainty. Knowing the
relative positions of the multiple scintillating elements along
a single optical transmission line was shown to improve the

accuracy of detection of the radioactive source position. The
use of single-fiber mPSDs in the clinic should lead the way
to safer treatment delivery with minimum invasiveness for
patients.
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