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ARTICLE INFO ABSTRACT

Purpose: Manual and automatic blood sampling at different time intervals is considered the gold standard to
determine the arterial input function (AIF) in dynamic positron emission tomography (PET). However, blood
sampling is characterized by poor time resolution and is an invasive procedure. The aim of this study was to
characterize the scintillating fibers used to develop a non-invasive positron detector.

Methods: The detector consists of a scintillating fiber coupled at each end to transmission fiber-optic cables that
are connected to photo multiplier tubes in a dual readout setup. The detector is designed to be wrapped around
the wrist of the patient undergoing dynamic PET. The attenuation length and bending losses were measured with
excitation from gamma radiation (**’Cs) and ultraviolet (UV) light. The response to positron-emitting radio-
tracers was evaluated with 'F and ''C.

Results: The attenuation length for a 3.0 m and 1.5 m long scintillating fiber both coincides with the attenuation
length given by the manufacturer when excited with the '*’Cs source, but not with the UV source due to the
differences in scintillation mechanisms. The bending losses are smaller than the measurement uncertainty for the
187Cs source irradiation, and increase when the bending radius decrease for the UV source irradiation. The
signal-to-noise ratio for '®F and *'C solutions are 1.98 and 22.54 respectively. The measured decay constant of
11C agrees with its characteristic value.

Conclusion: The performed measurements in the dual readout configuration suggest that scintillating fibers may
be suitable to determine the AIF non-invasively.
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1. Introduction

Quantitative information on metabolic processes is often obtained
through kinetic modeling of dynamic positron emission tomography
(PET) images. A solution of radiotracers is injected in the patient’s
blood vessels and several images are acquired at different time frames
to record the radiotracers concentration as a function of time. Kinetic
modeling requires knowledge of the radioactivity concentration in the
arteries, known as the arterial input function (AIF) [1]. Currently, in-
vasive manual or automatic blood sampling at different time intervals
during the scan is considered the gold standard to determine the AIF.
However, the limited time resolution of this process prevents the ac-
curate determination of the peak-value of the AIF, and its invasiveness

causes discomfort to the patient. In addition, manual or automatic
blood sampling requires highly trained personnel to perform the pro-
cedure and additional laboratory space and equipment to analyze the
blood samples, which limit the use of kinetic modeling to academic PET
centers with adequate financial and technical resources.

Previous studies have investigated different types of radiation de-
tectors to measure the AIF non-invasively, including scintillation de-
tectors based on solid organic plastics or inorganic crystals as well as a
miniature PET scanner to image the wrist [2-7]. None of the proposed
detectors was widely disseminated to PET centers due to the high cost
and the low signal-to-noise ratio (SNR) owing to detection of back-
ground radiation from the patient’s body. As an alternative, we propose
a new non-invasive and cost-effective radiation detector based on
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plastic scintillating fibers placed on the wrist of the patient in circular
loops similar to bracelets, and subsequently measure the AIF through
detection of emitted positrons passing through the radial and ulnar
arteries. The wrist was selected due to the closeness of the arteries to
the skin surface. The maximum range of positrons in soft tissue emitted
from radionuclides used in PET is between 2.6 and 10 mm [8] and the
average depth of the arteries in the wrist is 1.99 * 0.99 mm [9].

Scintillating fibers are currently used as survey meters in nuclear
reactors [10], as calorimeters in high energy physics [11] and as do-
simeters in cancer treatment with radiation therapy [12]. Dopants
added in the core of the fibers act as scintillation light emitters. When
ionizing radiation deposits energy in the scintillating fiber, the dopant
molecules are brought to an excited energy level. The molecules return
to the ground energy level by emitting photons with frequencies cor-
responding to the difference in energy between the excited and the
ground energy level [13]. The dopants are selected so that the differ-
ence in energy corresponds to visible wavelengths. The scintillation
photons are emitted isotropically. The photons that are emitted within
the critical angle of the scintillating fiber are transmitted through the
fiber toward a light detection device at the end of the fiber. The total
number of photons detected with the light detection device will depend
on the quantum efficiency of the light detection device, the coupling
efficiency between the light detection device and the scintillating fiber,
the fraction of scintillating photons that are trapped by total internal
reflection in the scintillating fiber and finally, on the attenuation of the
signal inside the scintillating fiber [14,12]. The aim of the current study
was to characterize the scintillating fiber used in the development of a
non-invasive positron detector to monitor the AIF. Since the scintil-
lating fiber was bent to be wrapped around the patient’s wrist, the
losses of signal due to bending of the fiber was measured in addition to
measurements of the attenuation length of the scintillating fiber. Fur-
thermore, since positrons emitted from commonly used PET radio-
nuclides have different range in tissue, measurements with two dif-
ferent PET radionuclides were performed to investigate the difference
in signal due to varying range of positrons. Detector response to dif-
ferent radioactivity levels was also studied.

2. Materials and methods
2.1. Detector setup

The detector consists of a scintillating fiber with a core of poly-
styrene (BCF-12, Saint-Gobain Crystals and Detectors, Paris, France)
optically coupled at each end to 11 meters of transmission fiber with a
core of PMMA (Eska-GH4001, Mitsubishi Chemical, Japan). The scin-
tillating fiber is covered by a 7.2 um thick black tubing (Vention
Medical, USA) to provide mechanical robustness. Each end of the
transmission fibers is connected to a photomultiplier tube (PMT)
(H6779, Hamamatsu, Japan). The output waveforms from the PMTs are
monitored simultaneously with an oscilloscope (DSO-X 2012A,
Keysight, USA) without amplification. Fig. 1 is a representation of the
prototype dual readout setup. Table 1 lists several properties of the
scintillating and transmission fibers. The oscilloscope signal is recorded
with a Matlab (R2017a) script.

2.2. Attenuation measurements

Since the emission and absorption spectra of plastic scintillating
fibers overlap [13], it is necessary to measure the attenuation of the
light signal as a function of distance traveled in the scintillating fiber. In
this study, a dual readout setup with two different detector configura-
tions was tested. The first detector was built with 1.5m scintillating
fiber and the second detector with 3.0 m scintillating fiber. A **"Cs
gamma source with the activity of 186.5 kBq and a radius of 2.5 cm was
positioned each 10 cm along the fibers. In total, there were 15 and 29
points of measurements for the 1.5m and 3.0m scintillating fiber
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Fig. 1. Schematic representation of the dual readout detector.

Table 1
Properties of scintillating and transmission fibers. Data obtained from the Saint-
Gobain and ESKA.

Characteristic BCF-12 Eska GH4001
Core material Polystyrene PMMA
Core density 1.05 g/em? 1.2 g/em?
Core refractive index 1.60 1.49
Cladding material PMMA Fluorinated Polymer
Cladding refractive index 1.49 N/A
Diameter, with cladding 1.00 * 0.02mm 1.000 mm
Numerical aperture 0.74 0.5

1/e attenuation length 270 cm 5101 cm
Emission peak 435nm -
Scintillation decay time 3.2ns -

# of photons/ MeV ~8000 -

respectively. Fig. 2-A represents a schematic of the setup with the 3.0 m
scintillating fiber. The gain of each PMT needed to be adjusted to obtain
approximately an equal output for an excitation at the center position
on the scintillating fiber. For each position of the source, ten 5ms
output waveforms from the PMTs with a sampling rate of 12.5 MHz
were acquired using the oscilloscope. Each waveform was integrated,
and the ten individual sums were averaged. An example of the wave-
form is displayed on Fig. 2-B. To account for the background level, ten
measurements without the source were made and the average back-
ground level subtracted to the signal. The attenuation of the signal
follows an exponential function [13]:

®

where S is the integrated signal from the PMT, d is the distance between
the excitation point and the PMT, 4, is the 1/e attenuation length of the
scintillating fiber and A is a normalization constant. In this study, the
ratio of the output at each PMT (S;/S,) was used and the ratio theore-
tically follows a decreasing mono exponential function with the form:

S = A,e—d/la

i = e—Zx/Za

S5 (2

where S; and S, are the integrated signals from the first and the second
PMT respectively, and x is the distance between the source and the
PMT, defined as x = 0 at the center of the fiber. This ratio was nor-
malized to 1 when the excitation source was at the center of the fiber.
Since the scintillation light generated by the '3”Cs source is weak, the
same measurements were performed with a UV lamp (36 W), which
produced a much larger and sufficiently constant light signal.

2.3. Bending losses

As shown in Fig. 1, the scintillating fiber is wrapped around the
patient’s wrist to increase the detection area. Bending the fiber can
change its shape and therefore reduce the detector efficiency [15]. To



V. Turgeon, et al.

PMT 1

Oscilloscope

-150

PMT 2

PMT Signal (V)

Physica Medica 65 (2019) 114-120

Waveform from PMT displayed on the oscilloscope

Time (ms)

3

-0.05

<)

)
e
&

-0.2

-0.3

Fig. 2. Schematic of the attenuation measurement setup. A: Disposition of the radioactive source along the scintillating fiber. The scintillating fiber is connected at
both ends to a transmission fiber. Each transmission fiber is connected to a PMT. The PMTs’ signal is recorded by the oscilloscope. B: Waveform that is outputed by
the PMTs. The oscilloscope records a 5 ms train of voltage pulses from the PMTs. The integration of this waveform is used as S in Eqgs. (1) and (2).
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Fig. 3. Setup for the bending loss measurement. The total length of the scin-
tillating fiber (blue) was constant for each loop. The position of the excitation
source was also kept constant. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

evaluate this, the difference in output at each PMT was measured for a
fixed excitation point at one end of the scintillating fiber and different
loop diameters in the fiber, as shown in Fig. 3. Due to the finite length
of the scintillating fiber and to make sure that the excitation source did
not generate scintillation in the bent portion of the fiber, there was only
one loop for each measurement. The signal was acquired in the same
way as described in the previous section. The measurements were also
performed with the UV source. The losses L were calculated as:

Ro— R,
Ro

L= -100

3
Where R is the ratio between the outputs of PMT, and PMT; when the
fiber is straight and R, is the same ratio for different bending radii y of
the scintillating fiber.

2.4. Positron measurements

The signal detected by the detector depends on the amount of po-
sitrons reaching the scintillating fiber. The two radionuclides available
for this study were '®F and ''C. The radionuclides’ half-life, maximum
and mean positron energy and range in water are displayed in Table 2.
18F emits positrons with the lowest range in tissue but is the most
commonly used radionuclide in PET. The longer range of positrons
emitted from ''C makes it a much better candidate to be used in
combination with the purposed detector. To evaluate the difference in
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Table 2
Half-life, mean and maximum values for energy and range in water of '®F and
11

C [8].

Isotopes Half-life Emean Emax Rinean Rinax

(min) (keV) (keV) (mm) (mm)
18p 109.8 252 635 0.66 2.633
¢ 20.3 390 970 1.266 4.456

signal based on the range of emitted positrons, a cylindrical poly-
ethylene (density 0.94 g/cm?®) phantom with a diameter of 6.41 cm and
length of 6.48 cm was used to mimic the wrist. Holes with a diameter of
3.25 mm situated at a depth of 2 mm were drilled in the phantom to
simulate the attenuation from the tissue. The dimensions were verified
with transverse MRI images of the wrist. Polyethylene and soft tissue
have similar attenuation coefficients for 500keV photons, with
0.106 cm~! and 0.096 cm™~! respectively [16] and similar stopping power
for positrons in the range of energies relevant to PET [17]. The scin-
tillating part of the detector was wrapped five times around the
phantom with a bending radius of 12 cm.

A 1.5m long plastic tube was used to pass the radioactive solutions
through the phantom and exit into a waste bottle shielded as shown in
the Fig. 4. The radioactivity concentration of the solution was measured
with a Caprac well counter (Capintec, USA) and was 7.4 = 0.1 MBq/
ml and 3.7 + 0.1 MBg/ml for '®F and *'C respectively. The radioactive
solutions were injected as a pulse inside the phantom. The response of

Radioactive
solution

Transmission | Coupling points

toward PMTs

Fig. 4. Representation of the phantom with a tube imitating a blood vessel. The
radioactive solution was injected through the tube and collected in a waste
recipient shielded from the detector.
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Fig. 5. Attenuation length measurements for the 3.0 m detector, with the '*’Cs and the UV sources (A and C respectively). B and D show the attenuation length

measurements with the 13’Cs and the UV sources, but for the 1.5 m detector.

the detector was monitored with the oscilloscope recording 5ms wa-
veforms with a rate of 2.87 waveforms per second. The signal from each
waveform was integrated over the entire 5ms. The acquisition for the
!8F solution lasted 4 min and 15 s and the ''C lasted 1 min and 56 s. The
background level was subtracted from the signal as described pre-
viously.

In addition, the response to different levels of radioactivity was
measured with the solution of *C. Its 20.3 min half-life makes it a good
candidate to measure its decay over a relatively short period of time.
3.02 MBq of ''C was inserted inside the phantom and a 5 ms waveform
was acquired every 1.4 s for a total time of 1h, 24 min and 31s. The
decay constant for 'C was extracted from an exponential fit of the data
with Matlab.

3. Results
3.1. Attenuation measurements

Fig. 5 shows the attenuation length measurements for the 3.0m
detector with the **’Cs (Fig. 5A) and UV source (Fig. 5-C). Fig. 5-B and
Fig. 5-D presents the *’Cs and UV source excitations respectively, but
for the 1.5m detector. The ratio PMT; over PMTs, is displayed in red,
and the inverse in blue. The filled circles are the average of 10 mea-
surements performed at each position. The vertical lines are the un-
certainties for the 10 measurements, calculated using the quadratic sum
of the relative uncertainties on each PMT output [18]. The uncertainties
do not show on the UV measurements, as they are too small. The dashed
curves are exponential curves from Eq. (2) with 4, = 270 cm, the at-
tenuation length specified by Saint-Gobain. Finally, the solid curves are
the boundaries defined by the root mean square error (RMSE) on the fit
of Eq. (2) on the data. The attenuation lengths obtained from the **’Cs
measurements are 277 * 12cm and 261 + 16 cm for the 3.0m and
1.5m detectors, respectively. With the UV source, the measured at-
tenuation lengths are 307 + 6 cm and 294 + 8cm, for the 3.0 m and
1.5m detectors, respectively. The uncertainty on the attenuation
lengths comes from the 95 % confidence interval from the fitting al-
gorithm.

3.2. Bending losses

The bending losses calculated from Eq. (3) are shown in Table 3.

The uncertainty of the bending losses for the *’Cs measurements were
larger than the measured losses for every radius. However, with the UV
measurements, the uncertainties of the losses percentage are on the
order of 0.0002%. The very small uncertainty allows to see that the
losses increase linearly as the bending radius decreases.

3.3. Positron measurements

The injection of radioactivity measurements are presented in Fig. 6-
A for '®F and Fig. 6-B for ''C. The red curves represent the integrated
signal of the 5 ms waveforms acquired with the oscilloscope. The black
curves are the moving averages of 5 data points. Both figures are nor-
malized to 100 at the maximum of the smoothed data. The top part of
the '8F step function starts after 32 s and the injection lasts 36 s. The top
part for the ''C step function rises at the 30 s’ mark and the injection
lasts 26 s. The SNR was taken by dividing the mean of top part of the
step function divided by the standard deviation of the bottom part of
the step function [19]. The SNR is 1.98 and 22.54 for the 'F and ''C
respectively.

The red curve on Fig. 7 shows the integrated signal from the os-
cilloscope over 84min when a solution of ''C is inserted in the
phantom. The decay constant extracted from the exponential fit is
(5.63 + 0.09)-10~*s~!. The starting point of activity concentration was
3.02 MBq/ml. The uncertainty on the decay constant represents the 95%
confidence interval on the fit. The black solid curve on Fig. 7 is the
fitted decay curve and the yellow dotted curve is the theoretical decay,
normalized to the same value as the fitted curve. The decay constant for
11¢ i5 5.673-10~* s71[20]. Both curves are in good agreement.

4. Discussion
4.1. Attenuation measurements

An attenuation length of 270 cm is provided by Saint-Gobain for
BCF-12 scintillating fiber in their catalog [21], but the attenuation
length will vary depending on the experimental setup [22]. On one
hand, the attenuation in the scintillating fiber is a function of wave-
length of the transmitted light. On the other, light detection devices
have different responses to the spectrum of incident light, meaning that
the same scintillating fiber can appear to have a different attenuation
length if measured with different light detecting device. The
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Table 3
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Losses (in percent) from Eq. (3) for different bending radii compared to a straight fiber. UV uncertainties ~ 0.0002%.

Scintillating fiber bending radius (cm)

15.0 13.5 12.0 10.5 9.0 7.5 6.0
uv 0.82 0.87 1.13 1.45 1.59 1.72 2.20
137¢s 3.1 * 54 3.0 + 6.8 34 + 6.5 44 £ 78 2.8 + 6.3 21 + 6.3 45 * 5.7
A: 18F primary dye. The primary dye emits light that is absorbed by the sec-
200 ondary dye and re-emitted at longer wavelength, with a peak at 435 nm
100 [23]. This situation could be further investigated with a different
3 equation for the attenuation, but since the UV spectrum will be absent
< 0 in clinical situation, it is beyond the scope of this work. UV measure-
2 100 ‘ ments will uniquely be used for a rapid verification of light transmission
% 0 50 100 150 200 250 300 in newly built detectors.
= Time (s) Attenuation length of scintillating fibers have been studied in the
§ 150 ¢ B: ¢ past by other groups. Amos et al. [24] and Hawkes et al. [25] in-
2 vestigated the effect of the cladding material on the transmission of
@ 100 light. Both studies concluded that the amount of light transmitted
50 - through the cladding is higher than inside the core over the first 50 cm
0 of the scintillating fiber. However, the reflections at the air-cladding
‘ ‘ ‘ ‘ : : interface are poorer than the reflections at the cladding-core interface.
0 20 40 Tir7612 ©) 80 100 120 It is the core light that dominates at longer distances. Due to the length

Fig. 6. A: Injection of '8F radioactive solution. B: Injection of '*C radioactive
solution. The red lines are the experimental data. The black lines correspond to
the moving average of 5 points. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Decay of ''C measured over 84 min with the proposed detector. The red
curve represents the experimental data. The black solid and yellow dotted
curves are the mono exponential fit and the theoretical decay, respectively.
Both curves are in good agreement.

attenuation length measurements reported by Saint-Gobain were per-
formed with a °°Sr electron source and a motor on a precision track
with a 1 mm precision to move the source along a straight 3 m sample of
scintillating fiber with a PMT at a single end of the fiber. The company
specified that the uncertainty on the measurements is within 5%, cor-
responding to + 8cm for an attenuation length of 270 cm. The at-
tenuation length obtained in this study with the *3”Cs source agree with
the value from Saint-Gobain, but the results obtained with the UV light
do not. Panel C in Fig. 5 shows the divergence of our experimental
results from the manufacturer’s data. In panel D, the length of the de-
tector is too short to clearly visualize the difference. The attenuation
length obtained using the UV source did not agree with the manu-
facturer’s data due to the material composition of the BCF-12 fiber,
which consists of polystyrene, a primary dye and a secondary dye. The
UV source excites only the secondary dye, while the ionizing radiation
first excites the base polymer which then transfers energy to the
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of the detector investigated in this study, it is the core light that dom-
inates the signal.

4.2. Bending losses

The smallest uncertainty and the largest signal loss due to the
bending of the fiber with the '3”Cs radiation source are 5.4% and 4.4%
respectively. Chung et al. [26] also obtained losses smaller than their
measurement uncertainties when investigating bending losses. It is
possible to see the relation between the bending radius and the light
loss because the UV-lamp generates an intense signal that is 52 times
greater than the background signal. In contrast, the smaller signal in-
tensity generated with the Cs-137 source results in uncertainties that
are greater than previously reported bending losses.

A previous study reported bending losses in Kuraray scintillating
fibers on the order 1% for bending radius of 6 cm and larger losses as the
bending radius decreased down to 1cm [15]. When the authors in-
vestigated the losses for multiple loops with a 0.965mm diameter
Kuraray fiber, losses smaller than 2% were observed for 10 loops with a
radius of 3.5 cm [15].In the present work, smaller radius are not useful
as a human hand needs to be slipped inside the loops for the detector to
be used on patients. Chung et al. [26] also concluded that the at-
tenuation length did not change over 3.5years for Kuraray fibers
properly stored. In addition, the bending losses did not change for fibers
kept bent for a year in coils with 10 turns and a radius of 3 cm. Finally,
the UV lamp was not the ideal choice of excitation for this experiment.
The UV-generated photoluminescence along the fiber may vary from
bending radius to bending radius if the UV transmission is highly af-
fected by the radii. However, based on the previously mentioned pub-
lications and our results, the bending of the scintillating fibers into
bracelets will not degrade the transmission of the signal in a clinical
scenario.

4.3. Positron measurements

The increase in signal as the solution reaches the phantom can be
seen with both radioactive solutions. The slopes on the side of the step
function comes from the finite time required to detect the entire solu-
tion. The better SNR when measuring ''C can be explained with the
longer range of its positrons. The maximum range in tissue of positrons
from the 'C decay is 4.456 mm, in contrast to 2.633 mm for the °F
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decay. The increase in SNR confirms that it is easier to detect isotopes
emitting positrons of higher energy, and therefore longer range.
Positrons emitted from other commonly used radionuclides in PET such
as ®N, 1°0 and ®®Ga, have longer maximum range in tissue; 5.752 mm,
9.132mm and 10.273 mm respectively. Future work will include re-
peating the phantom measurements with these radionuclides to further
investigate the detector sensitivity.

The sampling rate of the oscilloscope was 2.87 data points per
second for this experiment. This timing resolution allowed for the dis-
tinction of the gradients in signal caused by the radioactive solution
entering and exiting the phantom. Previous designs relied on LSO
crystals to create an image of radioactive solutions passing through a
phantom [27]. Because LSO crystals record counts of 511 keV photons
interactions within the crystals, the sampling rate must be long enough
to acquire enough count to increase the SNR. A slower sampling rate
will result in a lower time resolution and cause the gradient in signal to
be less sharp. The time resolution is a crucial parameter, as it is im-
perative to have a precise definition of the AIF peak in kinetic mod-
eling.

Our detector has an accurate response to varying levels of radio-
activity, as demonstrated by accurately measuring the decay constant of
(5.63 = 0.09)-10~*s~! (most recent data is 5.673-10~* s~1[20]). The final
activity concentration for Fig. 7 is 0.17 MBq/ml, and the blood activity
concentration in PET studies is around 0.09 MBq/ml [5]. Therefore, the
response of the detector needs to be evaluated for activity concentra-
tions even lower than what was used in this study. As oppose to discrete
acquisition of signal waveform as it was done in this study, a continuous
reading might increase the sensitivity of the detectors. Other alter-
natives to increase the sensitivity are to use light detection devices with
higher gain or efficiency or even to use amplifiers after the light de-
tection device.

Finally, when charged particle travel faster than the speed of light in
a medium, they emit light known as Cerenkov radiation [28]. Cerenkov
radiation adds an additional signal in the background. With BCF-12, the
threshold energy for electrons and positrons to generate Cerenkov ra-
diation is 144 keV [29]. Many studies with optical fibers in the fields of
dosimetry and radiation detection have investigated the contribution of
Cerenkov radiation [30-34]. These articles concluded that the amount
of Cerenkov light produced per unit length of irradiated scintillating
fiber is very small compared to the scintillation light signal. The main
contribution of Cerenkov comes from the clear transmission fiber,
where no scintillation happens. The Cerenkov contribution can be
considered negligible if the clear transmission fiber is not directly in the
radiation beam’s path. In the case of the detector developed in this
study, the scintillation signal from undesired gamma rays detected by
the scintillating fiber will be the dominant source of noise compared to
the Cerenkov signal from the clear transmission fiber.

5. Conclusion

This work describes the characterization of the scintillating fiber
used in development of a positron detector prototype for non-invasive
measurement of the AIF. The performed measurements in the dual
readout configuration suggest that scintillating fibers are suitable for
this application.
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