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Abstract

The subject of whether fluorine (F) is detrimental to human health has been controversial for many
years. Much of the discussion focuses on the known benefits and detriments to dental care and
problems that F causes in bone structure at high doses. It is therefore advantageous to have the
means to monitor F concentrations in the human body as a method to directly assess exposure. F
accumulates in the skeleton making bone a useful biomarker to assess long term cumulative
exposure to F. This study presents work in the development of a non-invasive method for the
monitoring of F in human bone. The work was based on the technique of /77 vivo neutron
activation analysis (IVNAA). A compact deuterium-deuterium (DD) generator was used to
produce neutrons. A moderator/reflector/shielding assembly was designed and built for human
hand irradiation. The gamma rays emitted through the 19F(77, )20F reaction were measured using a
HPGe detector. This study was undertaken to (i) find the feasibility of using DD system to
determine F in human bone, (ii) estimate the F minimum detection limit (MDL), and (iii) optimize
the system using the Monte Carlo N-Particle eXtended (MCNPX) code in order to improve the
MDL of the system. The F MDL was found to be 0.54 g experimentally with a neutron flux of 7 x
108 n s™1 and an optimized irradiation, decay, and measurement time scheme. The numbers of F
counts from the experiment were found to be close to the (MCNPX) simulation results with the
same irradiation and detection parameters. The equivalent dose to the irradiated hand and the
effective dose to the whole body were found to be 0.9 mSv and 0.33 (Sv, respectively. Based on
these results, it is feasible to develop a compact DD generator based IVNAA system to measure
bone F in a population with moderate to high F exposure.
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Introduction

Fluorine (F) is an essential trace element in human bone. However, the effects and risks of
exposure to fluoride have been controversial. Fluoride can cause different effects in the body
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based on the amount ingested; including useful effects at low dosages. There is evidence that
fluoridated drinking water has a positive effect on dental caries (Limeback 1999) and is
found to be useful in health prevention strategies for both tooth and bone at the proper
dosages. Because of these beneficial effects to the human health, there have been
recommendations made to add F supplements in approximate level of 1 mg L™ (1 mg F ion
per liter of drinking water) to drinking water (Burt 1992). However, when the F
concentration exceeds normal values, F toxicity can cause osteosclerosis, osteopenia and/or
osteomalacia in an individual’s bone mass (Tamer et a/ 2007, Wang et a/ 2007). F toxicity
can also cause thyroid hormone imbalance in children (Susheela et a/2005), and can also
result in joint aches, bone and teeth deformation, calcification of ligaments and impairment
in range of motion (Wilson 1993, Shashi et a/ 2008). Dental and bone fluorosis are two
consequences of overexposure to fluoride. In the late 1930s, skeletal fluorosis was identified
as a widespread disease in India, Africa, and China and many parts of the globe in
individuals who consumed drinking water with F concentrations in the range of 3 to >20 mg
L1 (Boivin et a/ 1989, Khandare et a/2005). In addition to deleterious effects on bones and
teeth, consumption of high quantities of fluoride can cause abdominal pain, diarrhea,
fatigue, drowsiness, coma, cardiac arrest, and eventually be fatal for humans (Kaminsky et a/
1990, Whitford 1990, Augenstein ef a/1991, ATSDR 2003).

The main sources of fluoride exposure include, but are not limited to, fluoridated toothpaste,
fluoridated mouthwash, marine products, tea and drinking water (Johnson et a/2007,
Kurland et a/2007, Yadav et a/ 2007). Adults consume 2-3 liters of water per day, which
would result in about 2-3 mg F from drinking water per day from the supplements. In
addition, individuals over the age of twelve roughly ingest 0.4 mg of F from food per day
(Burt 1992). This comes from food cooked in fluoridated water and also from uptake of
fluoride in plants and animals (Burt 1992, Whitford 1994).

The F ingested is absorbed in the body primarily through the stomach and small intestine,
with slight additional absorption through the mouth (Whitford 1989). Studies suggest that
half of ingested fluoride is absorbed within thirty minutes; the plasma peak concentration is
therefore reached in the first hour (Phipps 1996). Also, studies demonstrate that the typical
bone F concentration in people exhibits a linear relationship with water concentration
(Zipkin et al 1960, Turner et a/ 1995). Overall, 90% of the consumed F is retained in the
body and the remaining 10% is excreted through the feces. F is tightly bound and stored in
the skeleton because it displaces the hydroxide (OH™) functional group in the hydroxyapatite
matrix in the bone (Whitford 1994). F accumulates over time in bone and since 99% of the F
mass is linked with calcified tissues, concentrations are expected to be highest in the bone.
Therefore, bone is a perfect location in the human body to measure F (Whitford 1994).

One way to obtain F concentration in bone is through bone biopsy. However, bone biopsies
are not only inconvenient, but also pose a risk to the subject (Krishnan et a/ 1985). X-ray
fluorescence (XRF) and neutron activation analysis (NAA) have been used to determine
elemental concentrations in bone and other human tissues /n vivo for over three decades
(Ludlow et a/ 2007). X-ray fluorescence (XRF) is not a suitable method to measure F since
the highest characteristic x-ray energy for F is 0.677 keV, which is too low to be detected
outside of the body (Chettle 2006). NAA is a better choice because of the high natural
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abundance of 1°F, relatively high neutron capture cross section of 19F, and high energy of the
emitted )-ray to penetrate the tissue. In human IVNAA studies the tissue of interest must be
irradiated with a radioactive neutron source or neutron generator while minimizing the
radiation dose to the subject (Chettle ef a/1984). Neutrons in the tissue activate elements
and the decay gammas can be detected with a scintillation or semiconductor detector. In the
case of F, its presence is detected by measuring the decay of its radioactive daughter. The
level of the element can be quantified by comparing the signals between the person and
appropriate calibration standards. In this study, F was measured by neutron activation
analysis via the 19F(n, »)2OF reaction. 20F B~ decays (100%) to an excited state of 2°Ne,
which de-excites 99.1% of the time by the emission of a 1.63 MeV gamma ray (Tilley et a/
1998).

198 4 n 20 F 520 Ne# + g~ —20 Ne + ¢

This gamma-ray is detected and compared to the signal from calibration standards.

In all the studies using IVNAA to measure element concentrations in bone, hand bone was
chosen as a suitable site for several reasons. First, a hand can be extended away from the
body, so the torso can be kept out of the neutron beam as much as possible. This reduces the
radiation dose to the more radiosensitive organs of the body which are located in the torso.
Additionally, no active bone marrow is contained in the adult hand bone which further
reduces stochastic radiation risk (ICRP 2002). Another consideration is that it is easy to
position a hand inside an irradiation cavity or detection chamber. Finally, people find it
psychologically acceptable to have their hand irradiated while they do not, for example, find
the idea of a skull irradiation to be equally acceptable.

The IVNAA has been used for F measurements in previous studies, which were performed
using a hand irradiation system located at the McMaster University (Mostafaei et a/2013a,
2013b, 2015b). In this current study, all irradiations were performed using a compact DD
neutron generator at Purdue University. This facility was initially designed and used for
studies of manganese and aluminum which are described extensively in the literature (Liu et
al 2013, 2014). The advantages of a compact DD neutron generator in comparison to
McMaster’s accelerator include requiring only a small space for the system and its
portability. Also, shielding around the generator is designed to be reassembled easily.

Using these data, we had five goals:

1 Determine the feasibility of bone F measurements using a DD neutron generator;
and develop the technique of IVNAA for the measurement of F using an
optimized moderator, reflector and shielding assembly for hand irradiation.

2. Validate the MCNP results with experiment by using a series of known F
concentration phantoms.

3. Determine the F minimum detection limit (MDL).

4, Calculate the equivalent and effective dose using the Monte Carlo simulation.
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5. Finally, determine the system requirement for the detection of F in general
population with an acceptable radiation dose.

Method and materials

Monte Carlo simulation

The Monte Carlo N-Particle eXtended (MCNPX) code, developed by Los Alamos National
Laboratory (LANL) was used in this study. MCNP code was found to be a powerful tool to
simulate the particle transport and interactions with matter, including neutrons and photons
(http://mcnp.lanl.gov/). The activation, neutron flux, and radiation dose can be tallied with
the latest cross sectional data from MCNP code, based on defined source, shielding,
reflector, and moderator geometry and composition. The DD source was simulated as a
surface source and the hand with bone and two layers of soft tissue was simulated as a
sandwich of 10 x 20 cm~2 dimensions. The bone and soft tissue thicknesses were obtained
from ICRP23 and were chosen to be 1 cm and 0.5 cm respectively (ICRP 1975). The
generator head and its dimensions were modeled as provided by the manufacturer. Phantoms
with varying amounts of F (0.82, 1.9, 2.2, 3.2, 6.3, 9.5 and 12.8 g F) were simulated. The
fm4 card was used to obtain the probability of the activated nucleus. A 500 ppm F phantom
(¢ gr F/ gr phantom) was modeled and used for further optimization.

Irradiation facility

In this study, all irradiations were performed using a hand irradiation system located at the
Purdue University. The DD generator (customized DD-109 manufactured by Adelphi
Technology Inc. (Redwood, CA)) produces neutrons via the (D + 2D — “He — 3He + n)
fusion reaction and was driven by an ion beam supplied by a radio frequency driven ion
source.

This facility was initially designed and used for the study of manganese, which is described
in our previous papers (Liu ef a/2013, 2014).

The main components of a DD neutron generator include ion source, ion extractor, beam
target, power supply/electronics rack, and heat exchanger. While the system was operating,
deuterium (D2) gas was provided continuously through a compressed deuterium gas bottle,
attached adjacent to the system. Two pumps (roughing and turbo) were used to maintain the
gas line and the generator head at a high vacuum. The system’s V-shaped target was made
from titanium coated copper and provides for efficient neutron generation. Active cooling
was maintained to stabilize the titanium surface temperature, which maximizes the neutron
production and extends the lifetime of the target. . The generator can produce a neutron flux
of up to 3 x 10% n s™1. The neutron flux can be adjusted by changing the acceleration voltage
and ion current, which may vary from 80 kV to 125 kV, and 10 mA to 13 mA respectively.

Detection system

The hyper-pure germanium (HPGe) detector (GMX90P4-ST, 100% efficiency) was used as
a detection system in this study. The detection system was placed near the irradiation cavity
during the measurement because of the short half-life (11.2 s) of F. The detection system is
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surrounded by lead blocks to reduce counts from background photons. The DSPEC Plus
digital box was used for signal processing, and Maestro y-ray spectroscopy software was
used for signal collection. The system was calibrated using a calibration source with known
activity.

Spectrum analysis

A fitting function was used to extract the F peak areas from each phantom spectrum. The
peaks were modelled by Gaussian functions and the background by a linear function. The
Levenberg-Marquardt fitting algorithm was used for curve fitting and the analysis was
programmed by Matlab. The fitting function had a total of five parameters (three for the
Gaussian peak and two for the linear background) and took the form:

y=mx+b+ 9__ex _l(x—xa)2
almhp 2\ o1

Where, yis the count rate (s1), /77 represents the slope of the linear background, &the
intercept of linear background, athe peak areas, o the peak width (standard deviation), and
X, the peak centroid. The peak width and centroid position were constrained to fall within
0.5 standard deviations of the values determined from the highest concentration peaks, in
order to keep stability of all the fits.

Minimum detectable limit (MDL)

In the literature, there is more than one definition of MDL (Hibbert ef a/2006). In our

laboratory, MDL is calculated in two ways. A simplified way is: MDL = %

Where Bis the background counts under the F y-ray peak for the zero concentration

phantom and C s the slope of the regression line of F counts versus F concentration (Nie ef
al2011).

A more conservative way to calculate oz is to take into account the uncertainties introduced
by calibration: MDL = 2. o

2

(o[
F

(64)*+(oC
(A-0CY

o> _oaop
+(F) -2 2g oam.

where ois the measurement uncertainty of the zero concentration phantom, A is the zero
concentration phantom peak area, B is the slope, C is the intercept of the calibration line,
o4, ogand ocare standard deviations of A, B and C respectively, and pag is the covariance
between A and B (Bevington 2003).
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Number of counts determined by Monte Carlo (MC) simulation

Based on the MC simulation results, an optimized moderator, reflector, shielding system was
built to create a cavity for the irradiation of human hands. The optimized configuration
includes tightly fit polyethylene moderator with a 5 cm thickness at the hand irradiation side
and an 8 cm graphite reflector. The shielding is chosen and modeled with 15 cm
polyethylene, 5 cm borated polyethylene, and 0.5 cm lead. To shield the bremsstrahlung x-
rays generated by the electrons emitted back to the plasma source from the primary ion
interaction at the titanium target, 8 mm thick lead was placed around the generator head.
When the neutrons produced at the target pass through the moderator, the average neutron
energy is reduced to thermal and epithermal energies. At this point the neutron capture cross
sections are much higher for F in the hand. The reflector is employed to scatter neutrons
back into the center of the cavity, increasing the thermal flux per incident neutron, thus
making more efficient use of the generated neutrons. The shielding walls provide further
neutron and gamma ray shielding to the subject’s body (Liu ef a/2014, Sowers et a/ 2015).

Figure 1 shows the cross section of the irradiation cavity with all optimized layers of
moderator, reflector and shielding.

Using fm4 card in MCNPX simulation, the number of the activated nucleus per neutron in a
defined volume can be obtained. In combination with the neutron activation analysis
equation, the number of F characteristic y-ray counts from the phantoms with different
amount of F (0.82, 1.9, 2.2, 3.2, 6.3, 9.5 and 12.8 g F) were calculated as:

Number of counts = RX NgXe XX F,Xx SXDxC )

Where, Ris the reaction rate, Ap is the number of atoms for the target nuclide, e is the
detector efficiency, @is the branch ratio of the characteristic jy-ray for the specific
radionuclides produced, £, is the neutron flux per second, S'is the saturation factor, Dis the
decay factor, and Cis the counting factor.

The detector efficiency was calculated to be 0.0187 for £ y-ray energy at 1.63 MeV. The
number of counts from different amount of Fis demonstrated in table 1.

The Fphantom calibration line using Monte Carlo simulation is shown in figure 2. All the
results have relative uncertainties of less than 5%.

Number of counts and MDL determined by experiment

In order to evaluate the Monte Carlo simulation results, F phantoms with various amounts
(0.82,1.9,2.2, 3.2,6.3 and 12.8 g) of ammonium fluoride (NH4F) were prepared. The
samples were irradiated in the irradiation cavity for 20 s, transferred to detection system in 8
s, and measured for 30 s with the HPGe y-ray detection system. The number of counts
experimentally is in the same range as MCNPX estimates to within the uncertainties in the
phantoms with lower F contents, but it was found to be different in phantoms with higher F
contents shown in table 2. Figure 3 illustrates the F calibration line.
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The MDL was found to be 0.54 g F. To convert it to the MDL in the unit of concentration,
the mass of the sample needs to be considered. The mass of cortical bone of a reference man
is found to be 54 g (ICRP 1975). So the MDL in terms of concentration is calculated to be
10 mg F g~ bone. Using a conversion factor of 3.68 g bone g~ Ca (Woodard 1964), the
MDL would be 36.8 mg F g~ Ca.

The levels of F in human bone were found to be between 1.1-11.6 mg F g~! Ca (Mostafaei
et al 2015b), which is lower than the MDL calculated from this study. However, the DD
neutron generator with higher flux is available which can lower the detection limit down to
the normal range of F in human bones.

Dose calculation

The dose received by the patient is a main limiting factor for the /n vivo measurements. One
goal of this study was to obtain highest sensitivity for bone F measurement with the lowest
dose possible. The Monte Carlo simulation (MCNPX) was used to determine the hand and
whole body dose. The equivalent dose to the hand during the 20 s irradiation time with 7 x
108 n s71 neutron flux was found to be 0.9 mSv. The effective dose outside the cavity was
calculated to be 38.8 £Sv h™1, and 0.22 4Sv for 20 s of irradiation. The effective dose
contributed by the hand was calculated using the Monte Carlo simulation results, while
taking the hand weighting factor (0.01) and weight of the hand to the whole body (0.0125)
into account. The effective dose contributed by the hand was found to be 0.11 /Sv. By
adding the dose outside the shielding assembly with the hand effective dose, the whole body
effective dose was calculated to be 0.33 £Sv. This is lower in comparison to standard routine
medical imaging procedures (e.g. a chest x-ray whole body dose is 100 Sv). Also, the
annual natural background radiation exposure level in North America is approximately 3000
/Sv (ICRP 1991).

Adding a multiplier and moderator to the system

In order to improve the MDL and detect the lowest F level in people, some further
optimization was investigated. The system optimization using MCNP simulation by adding
different beryllium (Be) and polyethylene thicknesses (0—6 cm) as a multiplier and
moderator before the existing 5 cm polyethylene moderator inside the irradiation box was
investigated. The 500 ppm F phantom was simulated and the number of counts and doses for
each Be and polyethylene thicknesses were investigated separately.

The neutron beam is pre-moderated and multiplied by beryllium filters via the °Be(n,2n)8Be
reaction in order to have a lower energy source for /n vivo measurements. This leads to
better thermalization of the neutron beam and a lower dose per unit activation to the person
being measured. Adding Be thicknesses as a multiplier has shown to increase the activation
in comparison to polyethylene.

Figure 4(a) shows the different activations with various Be and polyethylene thicknesses.
Also, the ratio of F counts over dose with various thicknesses of Be and polyethylene is
shown in figure 4(b). Although the number of F counts were increased by approximately
14.4% when the Be thickness was used instead of polyethylene, the irradiation dose to the
subject increases by 37%. This is not considered an advantage. However, further simulations
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are being performed to optimize the combination of various Be and polyethylene
thicknesses, which could increase the number of counts with a minimal increase of dose.

Discussion

In previous studies, the NAA technique using the Tandem accelerator at McMaster
University shows that a reasonably low detection limit, 0.17 mg F g~ Ca, could be achieved
for an equivalent dose to the irradiated hand of 30 mSv. This is a comparable dose to that
received by patients during clinical examinations (Mostafaei ef a/2013b). F levels in hand
bone for a group of healthy volunteers measured by that system was found to be 1.1-11.6
mg F g~1 Ca (Chamberlain et a/2012a, 2012b, Mostafaei et a/2013b, 2015b). The
McMaster Tandem accelerator has shown to be well thermalized, and the thermal neutron
flux was found to be 9 x 108 n cm™2 s71 in the center of the irradiation cavity (Mostafaei et
al 2015a). The thermal neutron flux was found to be much lower with the DD generator used
in this study in comparison with the Tandem accelerator.

To obtain a sufficiently high flux of thermal neutrons in the irradiation cavity, a DD
generator with a higher flux would be preferred. Using an advanced DD generator with
higher neutron flux up to 2 x 1019 n s71, which is a factor of 30 higher than the current
study, the MDL would decrease by a factor of V30 (from 36.8 mg F g1 Cato 6.7 mg F g1
Ca) assuming that the background under the F gamma ray peak increase linearly with the
neutron flux. In our measurements, the increase of the background is much lower than the
increase of the flux, so the factor would be between v30 and 30. Based on Fordyce study in
2011 F concentration in bone divides into three phases; normal (0.5-1 mg F g~1 bone ash),
preclinical (3.5-5.5 mg F g~1 bone ash) and clinical phase | (6-7 mg F g~1 bone ash)
(Fordyce et a/2011). Using the conversion factor of 2.5 g bone ash g~ Ca (ICRP 1975), the
MDL extrapolated from the worst-case scenario can be converted to 2.7 mg F g~1 bone ash
(i.e. the MDL would be lower than this value given the extrapolation factor of greater than
¥30). The bone F in subjects at the categories of ‘preclinical phase’ and ‘clinical phase I’
will be observed. The F in the subjects at ‘normal phase’ might also be observed.

The numbers of counts obtained experimentally from the F phantoms were found to be
different from the simulations in higher concentrations. This might be due to the time
uncertainty of transferring the F phantoms from irradiation system to detection system. The
short half-life of F makes each second of transferring time critical. Also, a higher neutron
flux was observed with the DD generator during the F phantom measurements with higher
concentrations. The neutron flux was calculated to be 7 x 108 n s™1 in previous study (Liu et
al2014). But the generator was manufactured with the neutron flux as up to 3 x 109 n s71,
The neutron flux can be adjusted by changing the acceleration voltage and ion current. For F
phantom measurements acceleration voltage and ion current were set at 120 KV and 16 mA.
Further investigation with high concentration of F phantom and the fluctuation in neutron
flux is needed.

Further improvements can be made by: i) an addition of high efficiency HPGe detector to
reduce the MDL by detecting more y-rays, ii) using a DD system with higher neutron flux,
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iii) an optimized moderator, reflector, multiplier and shielding assembly to generate more
thermal neutrons but stay within the acceptable dose range.

Easy transfer and minimal space needed are considered the main advantages of the compact
DD neutron generator in comparison to McMaster’s accelerator. This advantage will warrant
the future goal of developing the IVNAA technology for measuring patients with a DD
neutron generator.

Conclusion

A feasibility study using Monte Carlo simulation and experiments has been performed on
the potential use of a compact DD neutron generator system for the determination of bone F
concentration. It is predicted that using an advanced high flux DD generator with optimized
moderator, multiplier and reflector, the system could detect the levels of bone F with an
acceptable radiation dose in a population in the “preclinical phase’ and “clinical phase I’.
Future studies include development of such a system for bone F measurement using a high
flux DD generator and application of the technology in human studies on health effect of F
exposure.
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Figure 1.
A cross-section of the generator head, moderator, reflector, shielding, and irradiation zone.
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Phantom calibration line calculated by MCNPX.
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@ Phantom calibration line calculated by experiment
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The F phantom calibration line with the experiment.

Physiol Meas. Author manuscript; available in PMC 2020 December 16.

20



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Mostafaei et al.

Counts

1.00

0.80

0.60

040 |

0.20

0.00

Page 15

Be HDPE . Be HDPE
1500
s 1300
: 5
.
. 5 1100
. 5
. £
3 900 . .
o . .
w . .
700
- - - - - : 500 .
1 2 3 4 5 6 7 0 1 2 3 4 5
Thickness (cm) Thickness (cm)
Figure 4.

(a) Number of F counts with different Be and HDPE thicknesses, (b) The ratio of F counts
over dose.
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Table 1.
Number of counts calculated by MCNPX.
F(grams) 0.82 19 22 32 6.3 95 12.8
Counts 9.0£02 208%04 243:05 347+07 693+14 104221 1405%28
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Table 2.

Number of counts calculated by experiments.

F (grams) 0.82 19 2.2 32 6.3 12.8

Counts 78+28 215%+26 267+26 354+38 969%55 2274%119
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