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Lay Abstract

Fluorine is an element which accumulates in bones and teeth. High levels of
fluorine have been shown to be unhealthy, causing both dental and skeletal
fluorosis. Low levels of fluorine have been shown to reduce dental cavities,
however, their effect on bone health is not well understood. Currently,
fluorine can be measured in bone samples from either biopsies or cadavers.
Having a non-invasive way to measure fluorine concentrations in living
humans without the need for surgery would be invaluable. These
measurements could be used to optimize treatment for osteoporosis patients
or to determine if emergency measures are necessary in cases of high
accidental doses to members of the public. Additionally, long-term studies
examining fluorine metabolism and bone health could be performed on
population groups of interest. For these reasons, two different non-invasive
methods for determining fluorine content in bone were analyzed and
enhancements to each measurement technique attempted.
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Abstract

Non-invasive techniques to measure bone fluorine levels in vivo are few and
not well studied. These techniques would prove useful for longitudinal
studies of fluorine accumulation and treatment optimization for patients with
poor bone health. Two measurement techniques were analyzed and
improvements to each technique attempted with bone samples and
bone-mimicking phantoms. The first method analyzed was neutron
activation analysis (NAA), a technique previously studied in our laboratory.
A previous detector setup consisting of nine sodium iodide detectors was
re-tested and a new detector setup consisting of two high-purity germanium
detectors was also tested. The detection limit of the sodium iodide setup was
found to be higher than previously reported by a factor of 4, and the new
high-purity germanium detector setup was found to result in a higher
detection limit by a factor of 5 compared to the sodium iodide setup. The
second method analyzed was nuclear magnetic resonance (NMR). Magic
angle spinning was performed on a human bone sample, and a novel probe
was constructed for future in vivo measurements. MAS NMR measurement
of the human bone sample showed it to have an appropriate chemical shift
and shape consistent with previous research on substances similar to bone.
The constructed probe successfully resonated at the appropriate frequency,
however there were potential contamination problems which prevented a
measurable fluorine signal from being obtained. Both the NAA and NMR
techniques may be optimized further, though with the results obtained, NAA
remains the more sensitive technique for measuring bone fluorine in vivo.
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Chapter 1

Introduction

Extremely reactive, the most electronegative atom, found in 20–25% of

pharmaceuticals [1, 2], the thirteenth most abundant element in both the

human body and in the Earth’s crust by weight [3], fluorine (F) is an element

worthy of study. Even a single fluorine atom in a molecule can have a great

effect on the physical and chemical properties of the compound [4]. In fact,

fluorine is better known as fluoride, the name given to it when found in a

compound or as an anion as it is almost always bonded and rarely found in

elemental form.

Fluorine is present in food and water in variable amounts according

to geographical location and water supply treatment. Spatial distribution of
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naturally high fluoride levels is primarily determined by geology, climate, and

topography [5]. Industrial sources of fluorine into the environment include:

coal burning, oil refining, steel production, brick-making, and phosphatic

fertilizer plants [6]. Specifically for humans, fluoridation of municipal

drinking waters and certain lifestyle habits such as tea-drinking [7] affect the

amount of fluorine ingested by individuals. Thus, levels in humans are highly

variable, where the estimated daily intake of fluoride is between 0.3–1.8 mg

for an adult [8].

Apatite is a mineral group that can be found in biological systems

as it makes up the crystal structure of bones and teeth. Due to the capability

of apatite to form bonds with a variety of compounds, bone serves a

potential indicator of environmental exposure for these compounds. Bone’s

absorbency of compounds is so high that bone char is used to remove

contaminants from water [9, 10]. The apatite in bone is often referred to as

hydroxyapatite (Ca5(PO4)3(OH)), however bone apatite is highly substituted

and contains only 20% of the hydroxyl ions which would be expected if it was

pure calcium hydroxyapatite [11]. Fluorine is one such compound that

accumulates in the human body through bonding to the apatite component

of bones and teeth. It is absorbed from the gastrointestinal tract into body

fluids and either cleared through urinary excretion or absorbed into the
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apatite matrix. At lower intakes, 50–57% of ingested or inhaled fluorine is

bound to the skeleton, where clearance takes over four times longer than

uptake [12]. Bones and teeth contain 99% of the fluoride body burden as soft

tissues do not accumulate fluoride [13], and the blood-brain barrier limits

diffusion of fluoride into the central nervous sysem [14].

Due to the strong bonds it forms, fluorine is often added to

materials for structural stability. It is for this reason that fluorine is found in

toothpastes and drinking water. At low levels, fluoride confers a protective

effect on teeth by significantly reducing the number of dental caries [15]. It is

possible that low levels of fluorine could have beneficial effects on bone

health, conferring strength and a lower level of fracture rates. However, at

high levels, it has a detrimental effect on the health of bones and teeth in the

form of skeletal and dental fluorosis [16]. The effect of different fluorine levels

on bone health is a question that is currently under investigation, as data on

low doses of fluoride remain inconclusive. Figure 1.1 outlines possible bone

health trends with increasing fluoridation.

Large historical studies have had conflicting results. A study of

osteoporosis patients treated with sodium fluoride found increased bone

volume and trabecular thickness, increased osteoid accumulation, and no

3
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Figure 1.1: The possible relationships between fluoridation level and relative
bone health. Knowledge of the fluoridation levels corresponding to both max-
imum bone health and decreased bone health would be useful for determining
proper intake amounts.

difference in bone formation [17]. A cell culture study found that fluoride

actually stimulated bone formation, but impaired mineralization at high

doses [18]. An animal study investigating the impact of increased sodium

fluoride found that bone turnover was increased, bone volume unchanged,

and cancellous bone strength reduced [19]. Another study found that a low

fluoride dose was associated with a reduction in fracture risk, and fluoride
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treatment increased bone mineral density depending on treatment

duration [20].

In studies comparing fluoridated and non-fluoridated communities,

there have been no reported differences in bone mineral density [21–23] while

fracture incidence as a result of fluoridation has been reported to both

decrease [22] and not be affected [23]. One study determined that to answer

properly the question of fracture rate incidence due to drinking water

fluoridation, a sample size of greater than 400,000 subjects would be required

due to the many confounding variables [24].

Recent research is still divided regarding fluoride’s beneficial effect

on bone. Some reports found negative effects including insulin resistance,

increased concentrations of tumor necrosis factor, decreased trabecular bone

area of the tibia [25], and a reduction in trabecular bone volume and fracture

load [26]. Others found mixed results including no correlation with bone

density or bone mineral concentration [27,28]. Still, others found positive

results including improvements in bone microarchitecture and higher Ca

content [29], dose dependent enhanced bone mineralization [30], and

increases in mandibular bone volume and trabecular thickness [31].
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Due to the large variation in research subjects, meta-analyses on the

subject have mostly concluded that fluoride’s influence on bone metabolism

is poorly defined. Fluorine leads to a diverse collection of responses, has a

narrow therapeutic/toxicity window, and deeper investigations are required

including analyzing the role of an individual’s genetic background [32,33].

Fluorine does not just affect bone by adding structural support to

the hydroxyapatite matrix. It has also been shown to have effects on

osteoclast proliferation, differentiation and resorption [34,35], genes

associated with oxidative stress, inflammation, osteoblastic differentiation,

bone development pathways in osteosarcoma cells [36], pathways related to

connective tissue formation, bio-mineral tissue development, endochondral

bone formation, bone and skeletal morphogenesis [37], genes involved in

osteogenesis, IGF-1 [38], alkaline phosphatase [39], bone mineral metabolism

and extracellular matrix formation [40], and the expression of osteoprotegerin

in osteoblast-like cells [41].

Due to its diverse effects and controversial effect on bone health,

elucidating the ideal range of fluoride levels in vivo through comparison

studies of various exposure effects may be useful in mitigating current health

risk to humans. Knowing the ideal amount of bone fluoride is useful to

6
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counteract osteoporosis and in the synthesis of apatite coatings for bone

allograft implants with better osseo-integration, as even small substitutions

can have large effects on performance [42] .

To determine the effects of fluoride, accurate measurement

techniques are necessary. Development of an easy, safe method for the

analysis of fluorine is challenging, especially for solid materials like bone.

Methods using aqueous solutions involve laborious and potentially hazardous

sample preparation procedures in order to remove the fluorine from the solid

and get it in solution. An ion electrode has been used in a previous study to

measure fluorine concentration and found mass concentrations of 610 parts

per million (ppm) in dry weight, 1100 ppm in ash weight in the human rib,

and mass concentrations of 530 ppm in dry weight, 960 ppm in ash weight in

a human iliac crest [43]. Proton Induced Gamma Emission (PIGE) is another

technique which has been used to determine fluorine content. Fluorine levels

were found to be 1,659±792 mg/kg dry mass of human rib bone (soft tissues

and blood removed, freeze-dried, and heated at 110◦C for 92 hrs) [44]. Other

PIGE studies found 500–1999 µgg−1 [45] and 435 µgg−1 [46]. These

techniques are not possible in vivo due to the sample preparation

requirements.
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Having a way to measure fluorine concentrations in humans

non-invasively is valuable. These measurements could be used to optimize

treatment for osteoporosis patients or to determine if emergency measures are

necessary in cases of high accidental doses. As well, longitudinal studies may

be performed without painful bone biopsies to examine the effects of different

factors on fluoride metabolism. Difference measurements could be made to

determine fluorine content before and after an activity or intervention.

Anthropological studies may be performed, and at-risk populations possibly

identified. Furthermore, knowledge of how fluorine interacts in bone provides

insight into the metabolism of other elements in bone. For these reasons, the

current state of two different methods for in vivo fluoride measurement was

analyzed, and enhancements to each measurement technique attempted.

Further refinement of the detection methodology and the experimental design

could result in enhanced sensitivity and a lowered detection limit. Improving

the accuracy of this diagnostic tool would be useful in determining the

variables which contribute to fluoride uptake and retention.

Chapter 2 details the first method of Neutron Activation Analysis

(NAA) and describes the work performed analyzing two different detector

setups. Chapter 3 details the second method of Nuclear Magnetic Resonance

(NMR) and describes the work performed, processing and testing an

8
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anatomical bone sample using a specialized technique as well as the design of

a prototype in vivo probe.
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Chapter 2

Neutron Activation Analysis

Experiments

2.1 NAA Background

2.1.1 Origin of the Signal

Neutron activation is a technique which uses neutrons to render specific

nuclei in a sample unstable for the purpose of elemental analysis. The

produced unstable nuclei will undergo radioactive decay, a process which may

result in the emission of a gamma ray at a specific energy which may be
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detected by nearby detectors. Identification and quantification of gamma-ray

emitting radionuclides via gamma-ray spectroscopy immediately following

neutron activation is a technique known and described as neutron activation

analysis (NAA). The atomic number of the target nucleus, determined by the

number of protons, remains constant while the mass number, determined by

the sum of the number of protons and neutrons, increases. This results in a

new isotope of the starting element. If this isotope is unstable, it is called

"activated", as it will decay by giving off radiation and has now earned the

title of "radionuclide". Most radionuclides produced by neutron

bombardment are beta-active with a wide range of half-lives. In beta-minus

decay, one neutron is converted to a proton and an electron (or beta minus)

particle. The electron, as well as an electron antineutrino, are ejected from

the nucleus. Beta decays often populate an excited state of the product

daughter nucleus so that subsequent de-excitation gamma rays are emitted

essentially together with the beta particles.

Fluorine-19 is the only naturally occurring stable isotope of fluorine,

and will turn into the radioisotope fluorine-20 upon absorption of a neutron.

Fluorine-20 has a half-life of 11.163 s and decays through beta-minus decay

to an excited state of neon-20 that is de-excited via emission of a gamma ray

at 1633.6 keV 99.1% of the time [47]. Thus, a mass of natural fluorine

11
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exposed to a neutron field of the appropriate energy will result in an amount

of 20F with a certain activity. The activity (A) of a daughter radionuclide

from the irradiation of a mass of an element (m) in a neutron field can be

determined from

A = K(1− e−λt) , (2.1)

where t is the length of time in the neutron field, and λ is the decay constant

of the nuclide produced. K is given by

K = θ
m

M
NA

∫
φ(E)σ(E)dE , (2.2)

where θ is the isotopic abundance of the relevant isotope in the natural form

of the element being measured, m is the mass, M is the molar mass, NA is

Avogadro’s number, φ(E) is the neutron energy fluence spectrum, and σ(E)

is the neutron capture cross-section as a function of neutron energy.

12
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2.1.2 Gamma-ray Detection

The first step of NAA is to induce radioactivity in the sample. The second

step of NAA is to determine the starting concentration of the element of

interest in the target sample via subsequent detection and quantification of

the intensities and energies of the emitted radiation. Alpha particles, beta

particles, and gamma rays can all be emitted following neutron activation.

However, detection is usually limited to gamma rays due to the limited range

of charged particles. For a radiation detector to record a pulse, the gamma

ray must interact within the active volume of the radiation detector, leading

to the creation of a charge pulse that is collected through the application of a

voltage. The total charge is recorded as this is proportional to the amount of

energy deposited into the detector volume. The charge can be created

directly in a solid state detector where ionizing radiation generates pairs of

charge carriers. In scintillation detectors, the charge is created indirectly

where ionizing radiation results in luminescence. In a connected

photo-multiplier tube, this luminescence is converted to charge at the

photocathode, and this charge is multiplied through a dynode chain.

In a perfect detector, every gamma ray passing through the active

volume would be turned into a pulse exactly corresponding to its energy.

13
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However, in physical detectors, there is a probability that a gamma ray will

escape or deposit only a fraction of its energy. As well, there are fluctuations

in the energy response of physical detectors to incident gamma rays. These

fluctuations are due to random noise and drift within the detector as well as

statistical fluctuations in the number of produced information carriers. Thus,

the two main factors taken into account when comparing gamma-ray

spectroscopy units are the efficiency (the number of counts recorded

compared to the number of decay gamma rays emitted) and the energy

resolution (the spread in the range of energies recorded for an incident

gamma ray of a specific energy). Intuitively, one desires a high efficiency and

a high energy resolution.

2.2 Previous Work

For neutron activation to occur, a source for the neutron energy fluence

spectrum in Equation 2.2 is required. Intense, controllable neutron fields are

a precious resource typically requiring a nuclear reactor or particle

accelerator. At McMaster University, there is a tandem accelerator that acts

as a neutron source for neutron activation analysis. This accelerator works

by boiling off electrons in a filament which are then bound to a hydrogen

14
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source gas. This gas of negatively charged hydrogen ions is contained by

magnets. When a beam is required, an anode pushes out the negatively

charged hydrogen gas which is then accelerated towards a positively charged

high-voltage terminal, gaining energy. This terminal contains a stripping gas

which will remove both electrons from the negatively charged hydrogen ion.

Now repelled by the positive terminal, the beam of protons is repelled away,

gaining more energy. Due to the fact that the protons gain double the energy

of the voltage applied, the accelerator is called a tandem accelerator. After

gaining energy, the beam is focussed with magnets until it hits a target. To

produce neutrons, this target is composed of lithium as neutrons will be

produced by the 7Li(p,n)7Be reaction, so long as protons have an energy

greater than the energy threshold of 1.88 MeV.

Part of the laboratory setup includes a hand irradiation system.

This system is a self-enclosed cavity except for an access port to allow

research participants to insert their hand during experiments. When testing

with phantoms, there is a plug where a human arm would be to minimize

radiation escaping the box. To maximize the probability of neutron

interaction, there are polyethylene walls to moderate the neutrons down to

slower energies and a graphite reflector to re-direct neutrons that did not

interact during the first pass-through. To minimize the dose during

15



M.Sc. Thesis - M.Stuive; McMaster University - Radiation Sciences

irradiation, there are borated plastic sheets to attenuate neutrons, a lead

filter to reduce hand dose from gamma rays within the target, and outer lead

walls to attenuate gamma radiation from exiting the target space. The

system has been described in detail previously in Ref. [48].

The Tandem Accelerator Laboratory at McMaster University has

been the site of several trace element detection setups using neutron

activation analysis including aluminum [49,50], manganese [51–53], and

fluorine [54–56]. Each element comes with its own unique set of properties

and limitations. For example, there is more fluorine in the body than

aluminum, however the half-life of fluorine-20 is much shorter at only 11 s

compared to aluminum-28’s half-life of 135 s. The work done in this

laboratory is the only research examining neutron activation as a way to

measure fluorine levels in vivo. The lowest published detection limit recorded

for fluorine is 0.17 mg fluorine/g calcium [55].

In this method, calibration phantoms were irradiated in the tandem

accelerator and subsequently measured on a 4π sodium iodide doped with

thallium NaI(Tl) system. This system consists of nine NaI(Tl) detectors

arranged in a geometry providing almost 4π coverage. The characteristics
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and specifications of this detector setup have been described before in

Refs [57, 58].

The NaI(Tl) detectors can be operated at room temperature.

However, fluctuations in atmospheric conditions can cause gain variations

between detectors in a multi-detector system which may negatively impact

the overall energy resolution. These detectors also suffer from poor resolution

due to the statistical spread in the number of photoelectrons created in the

photomultiplier tube. The sensitivity of the detection system is inversely

related to the square root of the resolution [59]. Improvement to the NAA

technique as evidenced by a lower detection limit might come from the use of

semiconductor detectors instead of NaI(Tl) detectors due to the significantly

better energy resolution of the former. As well, while using the NaI(Tl)

detectors, there is interference between the 20F and 38Cl gamma rays in the

spectrum, and the 38Cl signal must be subtracted to obtain the fluoride

concentration. This increases measurement uncertainty and makes the

detection limit poorer. Semiconductor detectors clearly resolve the two

signals, avoiding the need for subtraction.

The resolution of the detector determines the width of peaks in a

collected energy spectrum, and values for the resolution are typically quoted
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as the full width at half maximum (FWHM), or peak width (WT ). A common

semiconductor detector type used for gamma-ray detection is a high-purity

germanium detector (HPGe). This type of detector is also referred to as a

hyperpure germanium detector, or simply, a germanium detector. The

resolution of a high-purity germanium detector is determined by

W 2
T = W 2

D +W 2
X +W 2

E , (2.3)

where W 2
D is the peak width contribution from carrier statistics, W 2

X is the

peak width contribution from incomplete charge carrier collection, and W 2
E is

the peak width contribution from electronic noise [60]. The limit on the

resolution of a high-purity germanium (HPGe), detector is given by [60]

W 2
D = (2.35)2FεE , (2.4)

where F is the Fano factor (a material specific constant), ε is the energy

necessary to create one electron-hole pair, and E is the gamma-ray energy.

Assuming a Fano factor of 0.08 and 2.96 eV for electron-hole production, a

broadening (WD) of 1.32 keV is expected at 1.33 MeV. However the best

energy resolution for these detectors tends to be about 1.7 keV. The
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interference between the 20F and the 38Cl signals is due to 20F’s gamma ray at

1633.6 keV and 38Cl’s gamma ray at 1642.4 keV. For adequate discrimination,

peaks should be at least one FWHM apart, so the HPGe detector will be

adequate to resolve the signals if it has not suffered too much degradation.

Using a HPGe detector system confers the benefit of improved

resolution while using a NaI(Tl) detector system confers the benefit of

increased efficiency. Other detectors whose resolution is not good enough to

resolve the peaks of interest are not a worthwhile consideration if they do not

have as good of an efficiency as the NaI(Tl) detector system. For example, a

lanthanum bromide detector is an unlikely candidate to improve the

detection system.

2.3 Methods

2.3.1 Hand Simulating Phantom

When developing an experimental setup, anthropomorphic calibration

standards (also referred to as phantoms) are used to minimize the radiation

dose given to humans. In an in vivo situation, other elements inside the body

cause competing reactions, obscuring the desired signals. Thus when
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determining the detection limit of a system, it is necessary to use a phantom

that will appropriately represent the signal that would be expected when

irradiating humans. The phantoms were assembled using dry powder

compounds. The compounds used must contain the signal-contributing

elements. Any elements in the powders that would not be expected to

contribute to the acquired in vivo signal during the measurement time must

either be negligibly activated or emit radiation that would not be recorded

during the measurement time such as prompt gamma rays. The elements and

their amounts were chosen based off the hand of the reference man of the

International Commission on Radiological Protection (ICRP) [8]. This

follows previous work done in our laboratory using hand calibration

phantoms [50,51,54,61]. Details of the powders used in the phantoms and

their relevant properties are provided in Table 2.1. The phantoms can be

held together by a container or some form of binding agent. When designing

phantoms to be used in the sodium iodide detection system, it is necessary to

use Mowiol as a binding agent as polyethylene bottles produce an

aluminum-28 signal in close proximity to the fluorine-20 signal [62]. This is

less important when using the HPGe setup as the peaks from aluminum are

easily resolvable from the fluorine peaks. The hand phantoms used have been
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previously shown to have a very similar signal as compared to in vivo

situations [54].

Sodium Chlorine Calcium Fluorine
Mass (g) (± .001g) 1.25 1.19 14.9 varying
Relevant Nuclides 24Na 38Cl 49Ca 20F
Half-life 15 hr 37 min 8.8 min 11 s
Gamma Energies (keV) 1368.6, 2754.0 1642.4, 2167.5 3084.4 1633.6
Compound NaNO3 NH4Cl CaCO3 NH4F

Table 2.1: Elemental composition of the hand simulating phantoms, as well as
the radionuclides produced following neutron activation and their associated
half-lives and daughter gamma-ray energies.

2.3.2 Experimental Detector Setup

Before any measurements could take place, a permit outlining the

experimental procedures and radioisotopes to be produced was approved by

the McMaster Health Physics department.

Measurements were made on the 4π NaI(Tl) detection system

following previous work in the laboratory. The only change in setup was the

location of the detectors, which was not directly next to the irradiation

cavity as in previous measurements. This was done to avoid relocating the

detectors while other experimental studies were going on. Following previous

procedures, six 5 s spectra were recorded followed by a 180 s wait period, and
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a 300 s count. The 300 s count is performed since the half-life of chlorine-38

is much greater than that of fluorine-20. Thus the second count allows for

the precise measurement of 38Cl to be subtracted from other spectra. The

calcium-49 count is also determined from this second count so the amount of

fluorine can be normalized to the amount of calcium.

The NaI(Tl) set-up has a built-in timing system and spectra can be

acquired in singles mode, anti-coincidence mode, or in coincidence mode. In

singles mode, each detector records information separately. In coincidence or

anti-coincidence mode, the signal from all the detectors for a time period of

1.0–1.8 µs [63] is summed. If two or more detectors are active in that time

period, the summed signal is treated as a coincidence event. However, if only

one detector signals, then the summed signal is treated as an anti-coincidence

event. Thus, it is possible to separate out events in the nine detectors that

happen within a certain time interval. True coincidence summing occurs

when the coincident detection of photons comes from the same decay event

(e.g. a cascade gamma emitter or annihilation photons). Random

coincidence summing occurs when the coincident detection of photons comes

from different decay events. In any one of the nine sodium iodide detectors,

there could be random coincidence summing or true coincidence summing

events. In the anti-coincidence spectrum, cascade emitters will be greatly
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reduced in comparison to single photon emitters. However, there are

limitations to this technique as there will be some reduction in signal from

random coincidence summing. As well, this technique is unable to remove

coincident events that happen in a single detector. Since 38Cl’s interfering

gamma ray at 1642.4 keV is emitted in coincidence with a gamma-ray at

2167.5 keV, anti-coincidence mode helps to remove the interfering signal.

Previous work has shown anti-coincidence mode lowers the MDL by a factor

of 1.2 [55]. A comparison of anti-coincidence, coincidence, and singles spectra

for a measurement is presented in Figure 2.1.

To investigate if the superior energy resolution of HPGe had a

significant impact on the 18F MDL, a HPGe detector setup was constructed.

The first step was to locate functioning detectors. A number of detectors

within the laboratory were analyzed for resolution and efficiency, and the best

two chosen. The specifications of the two detectors are displayed in Table 2.2.

Annealing is a common technique used to enhance the resolution of

germanium detectors. This has been performed before in our laboratory

previously and resulted in improved resolution [64]. The energy resolution of

HPGe detectors can often degrade due to neutron damage. To provide the

best opportunity for the new setup using HPGe detectors to perform better,
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(a) (b)

(c)

Figure 2.1: 4π NaI(Tl) detection system responses in three different modes
to a bone phantom containing 256 mg F that was neutron activated and sub-
sequently measured. The three different modes tested were: anti-coincidence
mode (a), coincidence mode (b), and singles mode (c). Chlorine-38’s cascade
gamma rays result in the peaks seen in (b) at 1642.4 keV and 2167.5 keV.
The main peak between 1600 and 1700 keV in (c) is composed of both the
fluorine-20 peak at 1633.6 keV and the chlorine-38 peak at 1642.4 keV. The
lower energy peak to the left of this peak is a result of the potassium-40 peak
at 1460.8 keV and the sodium-24 peak at 1368.6 keV.

one detector was annealed before the experiment. The enhanced performance

of the detector is outlined in Figure 2.2. The setup of the two germanium

detectors is shown in Figure 2.3.
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Detector 1 Detector 2
Semiconductor Type p-type p-type
Detector Geometry coaxial coaxial
Diameter (mm) 59 58
Length (mm) 47 53
Relative Efficiency

(from User’s Manual) 30% 30%

Bias Voltage +4000 V +5000 V
Manufacturer Canberra Canberra
Cryostat Dipstick Integral

Table 2.2: Basic properties of the two HPGe detectors used in the experimental
work.

Timing was set up for the germanium detectors using Maestro

software, and a 92x spectrometer was used to process the signals. Within the

Maestro software, there is an option to automate data collection using a job

file. Data were collected in 5 s intervals for a total of 150 s. The detectors

were both calibrated using a cobalt-60 source which emits gamma rays at

1173.2 keV and 1332.5 keV. Calibration of the NaI(Tl) system takes much

longer as each detector’s gain must be set so that the calibration peaks are

aligned. For the HPGe system, calibration is done simply to convert the peak

channel numbers into energy bins.
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(a)

(b)

Figure 2.2: Energy resolution of HPGe Detector 1 to cobalt-60’s 1332.5 peak
before (a) and after (b) annealing. The FWHM was reduced by 4.0 keV,
bringing it to a value of 3.0 keV, which is still sub-optimal but adequate to
resolve the fluorine-20 and chlorine-38 peaks.
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Figure 2.3: Experimental setup of HPGe Detector 1 (left) and HPGe Detector
2 (right) including borated concrete, lead, borated rubber sheets, and wax for
shielding of both gamma rays and neutrons.

2.3.3 Irradiation Protocol

The irradiation protocol was a 500 µA current of 2.15 MeV protons with an

8 s irradiation. The tandem accelerator had been previously run at higher

current, but has since suffered performance issues. This protocol was chosen

to maximize signal while still keeping the effective dose below a reasonable

amount of 35 µSv [54,55,65]. This dose is mainly due to neutrons, and

gammas produced from activation of the box materials.
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There was a 15 s transfer time between irradiation and

measurement. Previous experiments had a 9 s transfer time, but to avoid

relocating the detectors while other work was going on, it was decided to

keep the timing consistent at 15 s. As long as the timing remains consistent

between measurement techniques, a comparison can still be made.

2.3.4 Calculating a Minimum Detection Limit

Minimum Detection Limit - Signal

When measuring any analyte, it is important to know how sensitive the

detection system is. There is always some uncertainty associated with any

measurement, even if it is taken under conditions where there is no nuclide

present. Knowing what the smallest amount of analyte is that can be reliably

detected provides a metric of the detection system’s sensitivity. There are

many metrics used and reported in a variety of fields including: instrument

detection limit (IDL), practical quantification limit (PQL), limit of

quantification (LOQ), limit of detection (LOD), limit of decision (LOD),

limit of blank (LOB). Going forward, the metric used in this thesis will be

the minimum detection limit (MDL). The MDL sets a value on how much

signal is necessary to differentiate the signal from background events. The
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calculation method for this number varies from laboratory to laboratory

depending on what is being measured and the confidence interval required.

Determination of the MDL should be performed at different times and by

different research staff to ensure its reliability. It can be calculated from

blank samples or spiked samples near the MDL (typically at 2–10x the

hypothesized MDL). The United States Environmental Protection Agency

defines the method detection limit as the minimum measured concentration

that can be reported with 99% confidence to be distinguishable from blank

results [66].

Method Detection Limit = tn−1,1−α=0.99Ss , (2.5)

where tn−1,1−α=0.99 is the Student’s t-value appropriate for a single-tailed 99th

percentile t statistic and a standard deviation estimate with n− 1 degrees of

freedom and Ss is the sample standard deviation of the replicate spiked

sample analyses.

Radiation decays are modelled by a Poisson parent distribution

where the variance is equal to the mean. Thus, both the sample mean and

the sample variance (multiplied by N/(N − 1)) are unbiased estimators of

the variance. The sample variance can be used for multiple measurements. In
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an in vivo situation, where increasing the repetitive number of measurements

might not be feasible due to time or radiation dose limitations, it often

makes sense to do a single measurement and report that as the variance.

Following past work determining the MDL from gamma

spectrometers [67], the MDL is the addition of the term kσ0, defined as the

critical level LC , which determines how often a blank sample will be correctly

identified as zero, and the term kσD which determines how often an amount

right at the detection limit will be correctly identified as a signal. The k

value corresponds to a certain z-score, σD is the standard deviation right at

the detection limit, and σ0 is the standard deviation of the blank sample.

The MDL may therefore be calculated via

MDL = kσ0 + kσD . (2.6)

The variance of a sample at the detection limit is given by:

σ2
D = CG + CB (2.7)

= (MDL+ CB) + CB , (2.8)
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where CG is the gross counts, CB is the background counts, and CN is the

net counts.

The variance of a zero concentration sample is given by

σ2
0 = CG + CB (2.9)

= CN + 2CB (2.10)

= 2CB . (2.11)

Putting these equations together, setting the k value to be the same in both

equations, and re-arranging:

MDL = k2 + 2kσ0 . (2.12)

In general, the k2 term is negligible and the expression may be simplified to

MDL = 2kσ0 . (2.13)

For k = 1, which is the value typically used in our laboratory, Equation 2.13

yields a degree of confidence of 84.13% based off the cumulative standard
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normal distribution. If the σ0 refers to the number of counts that is

distinguishable from background, then the MDL calculation simplifies to

MDL = 2
√

2CB . (2.14)

Fluorine to Calcium Ratio

The goal of gamma-ray spectroscopy is to identify and quantify gamma-ray

emitting radionuclides by determining the number of detected counts

corresponding to a gamma ray at a specific energy. In an ideal radiation

detector, there would be a delta spike at the energy of interest. However, due

to the physical restrictions of the detector, the detected signal may be

approximated as a Gaussian peak centred at the energy of interest. The

width of this peak is determined by the detector’s properties. Thus, a range

of energies must be inspected when determining the number of counts from a

specific gamma ray. The number of counts within this range of energies is

affected not only by gamma rays of the energy of interest, but also by other

competing processes such as Compton scattering from higher energy gamma

rays. All other competing processes are collectively referred to as background

events. Thus when performing gamma spectroscopy, a method for

determining the size of the inspected energy range and a method for
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determining true events from background events are necessary. A common

approach is to take the number of channels (n) where data are collected to be

determined by the full width at one-tenth maximum peak height (FWTM),

while assuming that the background counts can be approximated by a linear

function (which is reasonable over a narrow energy interval) [59]. The linear

function of the background and the FWTM are determined by fitting the

peak as a Gaussian function with a linear background using a fitting

algorithm. The area of the fitted Gaussian peak may be used to determine

the number of counts. Alternatively, the total counts in each channel were

counted, and the estimate for the linear background subtracted as there is

then no fitting error in the peak counts calculation. The error in a peak is

given by

σ2 = CG + CB (2.15)

= CN + 2CB . (2.16)

Since the resolution of the sodium iodide detectors is significantly poorer

than that of the HPGe detectors, it is necessary to subtract the fraction of

the peak containing the fluorine-20 signal which corresponds to chlorine-38.

Determining the fraction of chlorine-38 in the signal was done by acquiring a
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300 s spectrum 180 s following the last measurement when the fluorine signal

was negligible, and any counts in the 1.64 MeV peak will be from chlorine-38.

The amount of chlorine-38 in the initial measurement may be calculated by

either using the known intensity ratio between the two chlorine peaks as was

done in Ref. [54], or by using the nuclear decay kinetics.

If m is determined by the equation

m = n− qp

r
, (2.17)

where n, q, p, and r are variables, and the covariance is assumed to be zero,

the error σm will be given by

σ2
m =

∣∣∣∣∣∂m∂n
∣∣∣∣∣
2

σ2
n +

∣∣∣∣∣∂m∂p
∣∣∣∣∣
2

σ2
p +

∣∣∣∣∣∂m∂q
∣∣∣∣∣
2

σ2
q +

∣∣∣∣∣∂m∂r
∣∣∣∣∣
2

σ2
r (2.18)

σ2
m = σ2

n + q2

r2σ
2
p + p2

r2σ
2
q + q2p2

r4 σ2
r . (2.19)

Equation 2.17 and 2.19 can be used to calculate the number of fluorine-20

counts during the measurement period using the peak subtraction method

where m is the number of fluorine-20 counts in the counting period, n is the
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total counts from both the fluorine-20 1633.6 keV peak and the chlorine-38

1642.4 keV peak during the counting period, p is the number of counts in

chlorine-38’s 2167.5 keV peak during during the counting period, q is the

number of counts in chlorine-38’s 1642.4 keV peak during the 300s period,

and r is the number of counts in chlorine-38’s 2167.5 keV peak during the

300 s period. To determine the number of counts using the nuclear decay

kinetics method, the equation

m = n− q ∗ C1 , (2.20)

can be used where C1 is a constant equal to

C1 = 1
(1− e−λ(300s))(e−λ(210s)) −

1
(1− e−λ(300s))(e−λ(180s)) , (2.21)

and λ is the decay constant of chlorine-38 (λ = .00031s−1). Assuming that

the time and the half-life uncertainty contribute a negligible amount to the

total uncertainty, the error of m for this calculation will be given by
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σ2
m =

∣∣∣∣∣∂m∂n
∣∣∣∣∣
2

σ2
n +

∣∣∣∣∣∂m∂q
∣∣∣∣∣
2

σ2
q (2.22)

σ2
m = σ2

n + C12σ2
q . (2.23)

Using both methods to calculate the fluorine-20 counts and associated errors

yielded very similar results. The exponential decay method had slightly

smaller errors and was used to determine the number of fluorine-20 counts in

the measurement period as well as associated error.

Since in this experiment, the fluorine peak is normalized to the calcium peak,

the σ0 in the equation for the MDL will not be simply the fluorine peak

uncertainty, but the F/Ca ratio uncertainty of the zero-concentration

phantom. If a function is given by

f = a/b , (2.24)

the error is given by
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σ2
f =

∣∣∣∣∣∂f∂a
∣∣∣∣∣
2

σ2
a +

∣∣∣∣∣∂f∂b
∣∣∣∣∣
2

σ2
b + 2∂f

∂a

∂f
∂b
σab (2.25)

σ2
f = σ2

a

b2 + a2σ2
b

b4 − 2aσab
b3 . (2.26)

This equation is used for the calculation of the F/Ca ratio error with

f = F/Ca ratio, a = F counts, and b = Ca counts. Assuming the covariance

between the 49Ca and 19F peak is zero, the error for the F/Ca ratio is given

by

σ2
F/Ca = σ2

F

Counts2
Ca

+ Counts2
Fσ

2
Ca

Counts4
Ca

. (2.27)

This was the calculation used to determine the error of the calibration line

points. For the zero-concentration phantom, where CountsF = 0,

σ2
F/Ca = σ2

0

Counts2
Ca
. (2.28)
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Conversion of count data to concentrations

Usually, it is not the minimum number of counts that is detectable above

background that is of interest, but the concentration of the analyte of interest

that corresponds to the number of counts. It is for this reason that phantoms

with differing concentrations of fluorine were measured. The F/Ca ratios are

plotted against the known concentrations of the phantoms, and a weighted

least squares regression was performed to calculate the calibration line. The

points have differing variations (heteroscedastic), and are weighted inversely

to their variance, so more confidence is placed on points with less uncertainty.

To do this, it is assumed that the errors are normally distributed and that

the differences between the regression line and the experimental data are

only caused by errors in the F/Ca ratio (the y-values), as opposed to the

phantom concentrations (the x-values). The equation for a regression line is

y = a+ bx , (2.29)

where a is the estimated y-intercept, b is the estimated slope, and for our

experiment, y is the measured F/Ca peak ratios, and x is the known mg F/g

Ca phantom concentrations. Assuming that each individual measure of yi is
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taken from a Gaussian parent distribution with mean y0 and standard

deviation σi, the probability distribution Pi will have the form

Pi = 1
σi
√

2π
e

− 1
2

[
yi−y(xi)

σi

]2

, (2.30)

and the probability of a set of measurements will be each individual

probability multiplied. To maximize the probability of getting a certain set

of experimental values from the hypothesized parent distribution calibration

line, the χ2 term is minimized:

χ2 =
∑[

yi − y(xi)
σi

]2

(2.31)

=
∑[

yi − a− bxi
σi

]2

. (2.32)

Following the approach of Bevington and Robinson [68], the partial

derivatives with respect to a and b are set to zero, yielding two equations for

the two unknowns of a and b, which can be determined analytically as

39



M.Sc. Thesis - M.Stuive; McMaster University - Radiation Sciences

a = 1
∆

(∑ x2
i

σ2
i

∑ yi
σ2
i

−
∑ xi

σ2
i

∑ xiyi
σ2
i

)
(2.33)

b = 1
∆

(∑ 1
σ2
i

∑ xiyi
σ2
i

−
∑ xi

σ2
i

∑ yi
σ2
i

)
(2.34)

∆ =
∑ 1

σ2
i

∑ x2
i

σ2
i

−
(∑ xi

σ2
i

)2

. (2.35)

The above equations calculate the calibration line coefficients which are

inversely weighted by the variance. However, the equations for the slope and

y-intercept are estimates and come with associated error that must be

accounted for when going from the measured F/Ca peak ratios ratio to the

phantom concentrations (mg F/g Ca).

It was previously assumed that all of the error was coming from the

y-values. To calculate the total error, ignoring systematic errors that would

introduce correlations between uncertainties, the variance of a parameter a,

is given by [68]

σ2
a =

∑σ2
i

(
∂a

∂yi

)2
 . (2.36)

Similarly, the covariance between a and b is given by [68]
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σab =
∑[

σ2
i

∂a

∂yi

∂b

∂yi

]
. (2.37)

Calculating the partial derivatives and putting them in the equations, the

variances of a and b, and the covariance between a and b are calculated as:

σ2
a = 1

∆
∑ x2

i

σ2
i

(2.38)

σ2
b = 1

∆
∑ 1

σ2
i

(2.39)

σab = − 1
∆
∑ xi

σ2
i

. (2.40)

The y-intercept and slope are used to back-calculate the initial concentration

(x) in mg F/g Ca by

x = y − a
b

. (2.41)

The uncertainty in x will be given by
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σ2
x =

∣∣∣∣∣∂x∂y
∣∣∣∣∣
2

σ2
y +

∣∣∣∣∣∂x∂a
∣∣∣∣∣
2

σ2
a +

∣∣∣∣∣∂x∂b
∣∣∣∣∣
2

σ2
b + 2∂x

∂a

∂x
∂b
σab

σ2
x =

σ2
y

b2 + σ2
a

b2 + (y2 − 2ya+ a2)σ2
b

b4 + 2(y − a)σab
b3 . (2.42)

In the case of the zero-concentration phantom, this reduces to

σ2
0 =

σ2
y

b2 + σ2
a

b2 + a2σ2
b

b4 − 2aσab
b3 , (2.43)

which follows previous calculations for the MDL in our laboratory [69].

Multiple MDL Estimates

It is possible to get multiple calculations of the MDL. This could be from

either multiple gamma rays of the nuclide of interest, having multiple

detectors collecting data, or from breaking up the measurement into separate

time intervals. The more estimates there are of a number, the smaller the

variance should be, and the smaller the MDL. For example, if there are two

estimates of a concentration: X1 ± σX1 and X2 ± σX2 , and the average Xave

is equal to
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Xave = X1 +X2

2 , (2.44)

the variance is given by

σ2
Xave =

(
∂Xave

∂X1

)2

σ2
X1 +

(
∂Xave

∂X2

)2

σ2
X2 (2.45)

=
(1

2

)2
σ2
X1 +

(1
2

)2
σ2
X2 . (2.46)

In general, the equation for the variance of an average of i measurements is

given by

σ2 = σ2
i

i2
. (2.47)

Thus, the total MDL for a set of i measurements will be equal to

MDLtotal =
√∑

iMDL2
i

i
. (2.48)
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Instead of a direct calculation of the MDL, a weighted calculation may be

performed, where concentration estimates with a smaller variance have a

higher weight. The formula for this would have the form

Xave =
∑(Xi/σ

2
i )∑(1/σ2
i )

. (2.49)

If there are two measurements, the variance of the weighted average will be

given by

σ2
Xaverage =

(
∂Xaverage

∂X1

)2

σ2
X1 +

(
∂Xaverage

∂X2

)2

σ2
X2 (2.50)

=
(

1/σ2
X1

1/σ2
X1 + 1/σ2

X2

)
σ2
X1 +

(
1/σ2

X2

1/σ2
X1 + 1/σ2

X2

)
σ2
X2 (2.51)

=
1/σ2

X1 + 1/σ2
X2

1/σ4
X1 + 1/σ4

X2

(2.52)

= 1
1/σ2

X1 + 1/σ2
X2

. (2.53)

So in the weighted average calculation, the general formula for i

measurements will be given by :

σ2 = 1∑(1/σ2
i )
. (2.54)
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Thus, the total MDL for a set of i measurements for an inverse-variance

weighted average will be equal to

MDLtotal =
√

1∑ 1/MDL2
i

. (2.55)

These calculations follow previous work done in our laboratory [54,69]. In

the case of the high-purity germanium detector system, where the data from

each detector are analyzed separately, an MDL is calculated for each

detector. These MDLs can be combined together to form the MDL of the

whole detection system.

2.4 Results

The detector response function of the two high-purity germanium detectors

to the 1332.5 keV peak of cobalt-60 is presented in Figure 2.4. Commonly

reported performance metrics were calculated from the collected spectra and

are displayed in Table 2.3.

Experimental spectra of the first 30 s of measurement following

irradiation and transfer time to the HPGe Detector 1, HPGe Detector 2, and

45



M.Sc. Thesis - M.Stuive; McMaster University - Radiation Sciences

(a) (b)

Figure 2.4: Detector response function of HPGe Detector 1 (a) and HPGe
Detector 2 (b) to the 1332.5 keV peak of Co-60.

FWHM Peak-to-
Compton Ratio

Absolute
Efficiency

Relative
Efficiency

Detector 1 2.6 35 1.9E-04 0.16
Detector 2 3.0 29 1.8E-04 0.15

Table 2.3: HPGe detector performance metrics including: FWHM, Peak-to-
Compton ratio, absolute detection efficiency with a source to detector differ-
ence of 25 cm, and relative efficiency compared to a 3" by 3" NaI(Tl) detector.

the NaI(Tl) anti-coincidence detection system are shown in Figure 2.5,

Figure 2.6, and Figure 2.7 respectively. These spectra illustrate the

differences in resolution and detected counts between the two measurement

systems. Measurement spectra from a 256 mg F (18 mg F/g Ca) phantom as

well as a background where no phantom was placed in the detection system

were both collected. The background spectra taken with no phantom show

the contribution to the measured phantom spectra which is attributable to

counts coming from the experimental protocol and not the hand phantom.
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The Compton continuum in the spectra from no phantom is at a lower count

rate than the Compton continuum in the phantom spectra. This is to be

expected as gamma rays from the activated elements in the phantoms will

contribute to the Compton continuum. There is a peak at 1460.8 keV in all

of the spectra that can be attributed to potassium-40’s peak at 1460.8 keV.

(a) (b)

(c)

Figure 2.5: Measurement spectra collected on HPGe Detector 1 for 30 s fol-
lowing neutron irradiation and a 15 s transfer time of: a 256 mg F phantom
(a), no phantom (b), and the same 256 mg F phantom displayed in a smaller
energy region corresponding to the fluorine-20 peak (c).
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(a) (b)

(c)

Figure 2.6: Measurement spectra collected on HPGe Detector 2 for 30 s fol-
lowing neutron irradiation and a 15 s transfer time of: a 256 mg F phantom
(a), no phantom (b), and the same 256 mg F phantom displayed in a smaller
energy region corresponding to the fluorine-20 peak (c).

Fluorine to calcium ratios and associated errors were calculated as

described in Equations 2.16 and 2.27 for each F-phantom irradiation and

data collection. Equations 2.23 and 2.20 were also used for the NaI(Tl)

system to determine the fluorine-20 counts and errors. These were plotted to

construct a calibration for each detector. The calibration lines are presented

in Figures 2.8, 2.9, 2.10. The slope and y-intercept along with associated
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(a) (b)

(c)

Figure 2.7: Measurement spectra collected on the NaI(Tl) system for 30 s
following neutron irradiation and a 15 s transfer time of: a 256 mg F phantom
(a), no phantom (b), and the same 256 mg F phantom displayed in a smaller
energy region corresponding to the fluorine-20 peak (c).

errors were calculated using Equations 2.33, 2.34, 2.35, 2.38, and 2.39. The

χ2 was calculated from Equation 2.32. The F/Ca ratio uncertainty in the

zero-concentration phantom was determined as per equations 2.11 and 2.28,

and averaged over all measurements. Following equations 2.43 and 2.55, the

combined HPGe detection system MDL was found to be 4.6 mg F/g Ca. The

sodium iodide detection system MDL was calculated to be 0.95 mg F/g Ca.
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Figure 2.8: Calibration line determining the relationship between the experi-
mental F/Ca peak ratios and associated errors to the known concentrations of
the phantom in mg F/g Ca for HPGe Detector 1 (χ2 = 8.0).

2.5 Discussion

Even though the HPGe detector specifications are similar as shown in Table

2.2, there were sometimes significant differences in the number of counts

recorded by each HPGe detector. This is made clear while comparing the

spectra in Figures 2.5 and 2.6. The differences in response are most likely

due to variation in the sample placement. Comparing several spectra from

the two detectors of the same measurement, no one detector consistently had

more counts than the other.
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Figure 2.9: Calibration line determining the relationship between the experi-
mental F/Ca peak ratios and associated errors to the known concentrations of
the phantom in mg F/g Ca for HPGe Detector 2 (χ2 = 6.5).

Previous work using the NaI(Tl) system found a detection limit of

0.17 mg F/g using an inverse variance weighted method (IVWM) for 5 s

timing intervals, and a detection limit of 0.24 mg F/g Ca using a 30 s timing

segment [55]. A small study of an HPGe detector was also performed and the

detection limit calculated as 0.71 mg F/g Ca [55]. An MDL comparison of

previously reported values to the experimental values is shown in Table 2.4.

Thus, the detection limit of the HPGe system was closer to the detection

limit of the NaI(Tl) system in the previous work than it was in the current

experiments. This was not expected as the use of multiple detectors in the

51



M.Sc. Thesis - M.Stuive; McMaster University - Radiation Sciences

Figure 2.10: Calibration line determining the relationship between the exper-
imental F/Ca peak ratios and associated errors to the known concentrations
of the phantom in mg F/g Ca for the NaI(Tl) detection system (χ2 = 2.6).

HPGe setup was hypothesized to bring the HPGe setup’s MDL closer to the

NaI(Tl) setup’s MDL. This unexpected result may be due to differences in

the placement of the phantoms resulting in a smaller solid angle being

measured. The previous work using HPGe measured the phantom directly at

the detector face. This is not a realistic model of an in vivo measurement as

a hand is wider and flatter than a phantom and would be greater than the

size of the detector face. Differences in the calculation method of the MDL or

differing detector efficiencies would also have an effect. Both the NaI(Tl)

system MDL and HPGe system MDL increased in the current experimental
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work. This was expected as the the transfer time between irradiation and

measurement was longer. Since the transfer time was increased from an

average of 9 s to a pre-determined value of 15 s, the activity of fluorine in the

previous measurements would have been 1.5x greater than the activity of

fluorine in the current experimental work. This explains some of the

difference in the MDLs, however it cannot be the only factor affecting the

increase in MDL. Other factors that may have contributed to the difference

in MDLs could be differences in the MDL calculation method, changes in the

neutron beam, poor alignment of the NaI(Tl) channels, or differences in

phantom placement inside the irradiation cavity. By increasing the number

of data points collected for the calibration lines, it may also be possible to

minimize the contribution to the MDL from uncertainty in the calibration

line coefficients.

Experimental MDL Past MDL
HPGe setup 4.6 mg F/g Ca 0.71 mg F/g Ca
NaI(Tl) setup 0.95 mg F/g Ca 0.24 mg F/g Ca

Table 2.4: Comparison between previously determined MDL values and cur-
rent experimental MDL values using 30 s measurement times for the NaI(Tl)
system and 150 s measurement times for the HPGe system.

There are several parameters that could be optimized to further

reduce the MDL of the HPGe system. One of these parameters would be the

timing segments. The spectra for the HPGe system were collected in 5

53



M.Sc. Thesis - M.Stuive; McMaster University - Radiation Sciences

intervals, however analysis was only performed on the spectra obtained after

150 s of measurement. Further work determining the optimal measurement

timing parameters and an inverse-variance weighted approach may be able to

reduce the detection limit. The use of more HPGe detectors could also

further reduce the MDL, until a 4π geometry is attained. The greatest

reduction of the MDL would come from the use of higher efficiency detectors,

as they would increase the number of fluorine-20 counts detected. However,

higher efficiency detectors are more expensive, and there is an upper limit on

the size of the germanium crystal.

If the detection limit of the HPGe system could be brought down to

a level comparable to the NaI(Tl) system, there would be several

considerations to be made when deciding which detection system would be

preferable. First, it would be advantageous to prove that the HPGe signal

corresponding to the phantoms is in good agreement with a human

measurement. This has been done previously on the NaI(Tl) system [54], but

has not been done yet using the HPGe system. Provided that the HPGe

phantom response was representative of a human signal, further

considerations would have to be made. One advantage the HPGe system has

is that it doesn’t require tedious gain-matching through alignment of

channels before every measurement. However, the HPGe detection system
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does see performance degradation over time and would have to be properly

shielded from neutrons to ensure no resolution degradation.

Further reductions in the detection limit could be possible through

the use of other data analysis techniques. One such technique could be

spectral decomposition, a technique that uses all of the counts in the

spectrum, instead of just the photopeak. A library of detector response

functions corresponding to the relevant elements is made and the spectra are

matched to this library by varying the intensities of the response functions.

This has been previously shown to lower the detection limit when analyzing

aluminum by a factor of 1.7 [70]. This technique would most likely have

greater benefit for the NaI(Tl) system, as opposed to the HPGe, as there are

a much higher number of counts outside the photopeak. However, gain shifts

between the detector units and neutron fluence rate variations have been

found to be a problem for this method. Other work attempting this method

found no significant increase in performance while using the spectral

decomposition method [71].

When performing in vivo measurements, there are several other

considerations. An alternative to using the increased performance of the

detection system to lower the detection limit would be instead to use that
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increased performance to reduce the dose given to participants. This might

improve the chances of ethics approvals or of recruitment success when

finding volunteers. When performing phantom measurements, the change in

the flux of the neutrons is accounted by way of normalization to calcium. For

a phantom study, this is appropriate as the amount of calcium stays constant.

However in a human measurement, the amount of calcium is variable. Thus,

the calcium activation measurement is affected by two variables - the neutron

count, as well as the amount of calcium in the hand. A second measurement

of neutron flux is necessary, so that the calcium measurement determines the

ratio of fluorine to calcium, while the second measurement corrects for

changes in the neutron flux. Current work in the laboratory is underway to

find an appropriate measure of neutron count, as current measures including

a neutron detector inside the irradiation cavity, the integrated current of the

beam, and neutron foils give inconsistent results. This is something that

should be explored further before future human measurement studies.

An important distinction to keep in mind when comparing detection

limits of different measurement techniques is that a detection limit of 1 mg

F/g Ca in the NAA system does not mean that 1 mg of Fluorine is actually

detectable. It means that based on an average amount of 14.9 g of calcium in

the hand, that is the ratio of F/Ca that would be detectable. When
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comparing with other techniques, it might be preferable to provide a

detection limit in terms of the sensitivity of detecting the total fluorine

amount in the hand. So, instead of a 1 mg F/g Ca MDL, a 15 mg F MDL

could be quoted. Provided that the performance of the experiment could be

brought down to the previous MDL of 0.17 mg F/g Ca, this would

correspond to a 2.6 mg sensitivity.
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Chapter 3

Nuclear Magnetic Resonance

Experiments

3.1 NMR Background

3.1.1 Origin of the Signal

Spin is a quantum mechanical physical property carried by particles and

atomic nuclei. The spin value of an atomic nucleus may be determined from

the number of neutrons and protons inside that nucleus using the nuclear

shell model [72]. Spin is a form of angular momentum which causes the
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nucleus to have a magnetic moment; thus, a nucleus with spin can be

imagined as a rotating magnetic dipole. The spin angular momentum (I)

and the magnetic moment (µ) are proportional to each other [73] via

µ = γI . (3.1)

The proportionality constant γ is unique for each individual nuclide and is

called the gyromagnetic or magnetogyric ratio. If the ratio of magnetic

moment to spin was not unique, NMR would be limited as an analytical

technique as different nuclides in the same magnetic field would no longer be

differentiable.

Applied magnetic fields impose torques on objects with magnetic

moments, and so also impose torque on objects with spin. The torque τ on a

magnet with dipole moment µ from a magnetic field B is given by:

τ = µ×B . (3.2)

An applied torque causes a rotating magnetic moment to precess in the same

way a top precesses due to the force of gravity. Thus, when an external
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magnetic field B0 is applied, the nucleus precesses. The rate of precession ω

is determined by the strength of the applied magnetic field and the

gyromagnetic ratio of the nucleus [73] via

ω = γB0 . (3.3)

With no magnetic field applied, all spins in a collection of nuclei are oriented

randomly and there is no net magnetization. When an external magnetic

field is applied, there is a slight bias for the spins to align in the direction of

the magnetic field [74] (typically referred to as the longitudinal direction).

Applying a radiofrequency wave at the precessional frequency, known as the

Larmor frequency, perpendicular to the main external field B0, imparts a

time-varying torque on the magnetic moments due to the oscillating

magnetic field B1 of the radio wave. The radiofrequency field rotates the spin

distribution into the transverse plane. The area of the radiofrequency pulse

determines the amount of torque applied and the degree of rotation of the

spin system (also known as the flip or the tip angle). The magnetization

measured in one dimension in the transverse plane oscillates from negative to

positive values due to the rotating B1 field. A changing magnetic moment

causes a changing electric field, and so the transverse magnetization is
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measurable with a radiofrequency detector. The signal measured is called the

free induction decay (FID). The FID is Fourier transformed when performing

analysis to examine the frequencies that compose the signal.

3.1.2 Parameters Affecting the Signal

When a B1 magnetic field is applied, the number of spins realigning in the

direction of the B0 field does not immediately change. Instead, it is a gradual

process which depends on the nuclide, the magnetic field, and the molecular

binding structure [75]. This is called spin-lattice relaxation, where the

amount of time it takes for the spins to align in the longitudinal direction is

characterized by the T1 time constant [76]. Knowledge of the T1 time

constant is useful for determining the ideal repetition rate between pulses to

acquire the most signal in the shortest period of time. Electrons and electric

currents in the material are also sources of magnetic moments. This means

that the local magnetic field of each nucleus is unique and can have a slightly

different magnitude and direction affecting the resonant frequency or rate of

precession of the individual nucleus. These differences as well as field

inhomogeneities result in the transverse magnetization induced by the

radiofrequency wave slowly decaying away over time. This is called spin-spin
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relaxation and is characterized by the T2 time constant. Spin-spin relaxation

always accompanies spin-lattice relaxation. Equations describing the rate of

relaxation are known as the Bloch equations [76].

Typically, the radiofrequency pulse length is chosen to maximize the

signal in the transverse plane (called a 90◦ pulse). One pulse, followed by

subsequent measurement is known as a Bloch decay since it follows the Bloch

equations. Another common pulse sequence is a Hahn echo [77], which uses a

refocussing pulse of 180◦ length. This creates a spin echo pulse some time

after the FID, which is recorded instead of the FID.

Electrons have strong magnetic moments that affect the local

magnetic field of the nucleus. Different chemical compounds will therefore

have slightly different resonant frequencies due to their varying electronic

configurations, and the amount that the principal components of the signal

move in comparison to a reference is known as the chemical shift (δ), a

feature which is defined in equation 3.4.

δ = ωsignal − ωref

ωspectrometer
× 106 (3.4)
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The chemical shift may be exploited to determine what the electron bonding

pattern is for materials being tested and to differentiate between different

compounds. The electronic configuration is usually not spherically

symmetric, so the chemical shift will change depending on the orientation of

the molecule with the magnetic field. Since the molecules are typically

oriented randomly, the signal will be a superposition of all of the possible

alignments with the magnetic field. This shape is of interest to scientists who

use the chemical shift anisotropy (CSA) to determine structural information

for solids. The orientation of the molecule is not relevant for liquid samples

since the molecular motions cause the anisotropy to average and a single

isotropic peak is observed with no structural information gained. However,

solids are more difficult to measure because of their short T2 time. Since

magnetic dipolar broadening from nearby nuclear spins is not averaged to

zero by molecular motions, magnetic interactions between nuclei cause the

FID to lose most of its intensity quite quickly [78]. Thus, pulses for T2

excitation of solids are required to be shorter and more powerful which

results in more heating due to the increased intensity of the radiowave.

One technique that can be used to sharpen the spectral peaks of a

solid state sample is high frequency spinning at a certain angle which causes

the dipolar interactions between nuclei to average to zero [79]. This
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technique is known as magic angle spinning (MAS). In using MAS, structural

information is traded for better resolution and sensitivity as higher frequency

spinning results in sharper peaks [79]. Spinning of the sample produces peaks

in the spectrum on either side of the isotropic peak, at a distance determined

by the spin frequency [80]. These peaks are known as sidebands.

3.1.3 General Probe Design

A spectrometer setup includes: a magnet to supply an external field, an

electronics interface plus computer, and an NMR probe. The NMR probe

must be able to transmit and receive radiofrequency waves perpendicular to

the main magnetic field at the resonant frequency. While the magnet and

computer plus electronics remain the same between experiments, the probe is

often re-configured depending on the experiment. The main components of

the probe include: a radiofrequency (RF) coil (resonator), an RF power

transmission line, and tuning/matching capacitors.

At its most basic, the RF coil is a RLC circuit with a given

resistance (R), inductance (L) and capacitance (C). The resonant frequency

ω of an RLC circuit occurs when the inductive and capacitive reactances are
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of equal magnitude and the impedance of a circuit is purely real. This is

given by

ω = 1√
LC

. (3.5)

If an alternating current is supplied to the circuit at a frequency which

matches the resonant frequency, the circuit will oscillate with greater

magnitude allowing the radiofrequency pulse to be applied. When receiving

the signal, it is desirable to detect only frequencies within a certain

bandwidth. The RLC circuit accomplishes this by acting as a bandpass filter

to separate out undesired signals. The coil design is usually determined by

the frequency, which is nuclide dependent, and the shape/size of the sample.

In between the power source and the RLC circuit is a cable. If the

length of the cable is not significant in comparison to the wavelength of the

transmitted signal or the length of the cable is an integer multiple of half the

wavelength in the cable, the cable does not need to be considered in analysis

and can be treated as a short circuit. If not, it must be treated as a

transmission line and taken into account during analysis.
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Before any measurements are taken, the coil must be tuned so that

its resonant frequency matches that of the carrier frequency of the

transmitted pulses and matched so that its impedance matches that of the

transmission line. An impedance mismatch will cause reflections and

insertion loss. This is necessary for each experiment as whichever

experimental material is inside the coil will affect the tuning and matching of

the circuit. The tuning and matching is performed by adjusting the values of

two capacitors - one for matching, and one for tuning. It is an iterative

process as changing the value of the tuning capacitor will affect the matching

and changing the value of the matching capacitor will have an impact on the

tuning. Other considerations when designing a probe include: ensuring there

are no traces of the nuclide of interest in the probe body as contaminants

would contribute to the measured signal and adding shielding to prevent

background electromagnetic radiation from distorting the signal.

3.1.4 Fluorine NMR of Bone

Fluorine is a common element analyzed using NMR spectroscopy with its

high gyromagnetic ratio, high isotopic abundance, and its unique binding

properties. Fluorine NMR can be used to screen for the binding of ligands to
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targets for potential drug development [81] and for probing protein structure

and conformational changes [82]. As solids are difficult to perform NMR

spectroscopy on, bone is a challenging location. NMR of bone has been done

before using specialized pulse sequences with shorter pulses as well as MAS

to analyze proton content [11,83,84], phosphorus content [11,84,85], as well

as calcium and sodium content [86].

NMR measurement of fluorine in bone has not been studied

extensively. The most thorough research into the subject was performed by a

University of Toronto group between 1985 - 1995. They first analyzed ground

rat bone samples with high fluorine levels [87]. This experiment yielded a

detection limit of 9 mg F/g Ca in a 10 g sample. This same group also did

in vivo work measuring human fingers [78]. This resulted in a detection limit

of 1 mg F/cm length of bone (3 cm length of finger in coil). In theory, design

improvements could be made to the setup through the use of: a) Magic Angle

Spinning, b) better probe design, c) higher external magnetic fields, and d)

more sample in the active volume. From this work, an idea of the potential

fluorine signal in bone can be formed. Further human measurements have

not occurred since then, however there has been research into fluorine NMR

of similar compounds to human bone that might prove insightful.
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Hydroxyapatite with differing amounts of fluoridation has been

previously studied. Fluoridation is either reported in amount of hydroxyl

substitution (100% substitution corresponding to pure fluorapatite), or in

weight percentage (wt%) where 100% substitution corresponds to 3.77 wt%.

Studies have shown that hydroxyfluorapatites ranging from 20–200% were all

distinguishable from background [88] and that even apatites with 10% (0.4

wt%) substitution were distinguishable [89]. 10% hydroxyl substitution (0.4

wt%) would seem to be near the detection limit, as one study determined

that a substitution of 0.4 wt% was not distinguishable from background,

while a 0.83 wt% substitution was clearly distinguishable [90]. This

discrepancy in detection limit is most likely due to the differences in

experimental parameters such as rotor volume size between the two studies.

Reporting of the experimental length was not documented in these studies,

however one study found that 90% substitution, roughly 4% of the weight, of

biomimetic mesocrystals was able to be detected with only 64

repetitions [91, 92].

Different chemical species in materials similar to human bone have

been determined by MAS. A study analyzing fluoridation in shark teeth

deconvolved the 19F MAS signal to find fluorapatite (-102.6 ppm),

hydroxyfluorapatite (-104.8 ppm), calcium fluoride (-108.7 ppm), and an
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unknown peak (-74.2 ppm) [93]. The structure of biomimetic mesocrystals

was analyzed by 19F MAS and found to contain fluorapatite (-103 ppm),

hydroxyfluorapatite (-104 ppm), and calcium fluoride (-108 ppm), as well as

unknown compounds at -86 and -94 ppm [91]. Another study examined

powdered teeth soaked in varying fluoride concentrations with 19F MAS and

found fluorapatite (-102 ppm) and calcium fluoride (-108 ppm) [94]. Static

spectra of fine bone particles from rats exposed to 30 days of fluoride

inhalation [95] were deconvolved to find phases belonging to F-apatite, CaF2,

and what was hypothesized to be MgF2. The contribution to the signal from

calcium fluoride results in an upfield hump in the isotropic peak of the

analyzed sample.

All previous studies have indicated that the amount of fluoridation

of the apatite affects the chemical shift range. Fully substituted apatite

corresponds to a -102.6 ppm chemical shift, and as fluoride substitution

decreases, the chemical shift becomes more negative. This relationship has

been studied by Gao et al [88,96], who found that decreasing fluoridation

caused an exponential decay in chemical shift values. Some studies [90,93,94]

also indicated an uneven CSA pattern in the spectra, providing insight into

the expected shape of the signal. The spinning sideband with a lower

chemical shift (referred to as upfield) was found to have a greater intensity
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than the spinning sideband with a higher chemical shift (referred to as

downfield).

Lower frequency spinning of apatite at 4.7 kHz [97] and shark teeth

at 6 kHz [93] has shown a broader signal of roughly 100–150 ppm, while

static spectra of fluoridated rat bones showed a span of ∼250 ppm [95].

3.2 Methods

3.2.1 MAS Experiment

The first step in designing a biomedical NMR measuring system for fluorine

was to perform MAS. It would be very difficult to perform MAS in an in vivo

situation. However, the spinning makes the experiment more sensitive, and

the data collected may be used to make predictions about the signal in an

in vivo situation.

Magic angle spinning was performed at the McMaster NMR facility.

A Bruker AV500 spectrometer with a built-in dead time of 4–5 µs was used

along with a low-fluorine background probe. The sample rotor size was 4

mm, with an active volume of 125.33 mm3. Samples used in MAS
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experiments are typically quite small and must be able to withstand being

spun at very high speeds. Human skull pieces from the McMaster Anatomy

Laboratory were provided as test materials. To get the pieces to fit inside the

4 mm rotor, they were first cut into small pieces using a dremmel saw, then

crushed using a hydraulic laboratory press. This sample was spun at 5 kHz.

There were some initial troubles bringing the sample up to the spinning

speed, most likely due to the sample being unbalanced. A 4 µs pulse with

126 watts of power was applied with a 0.3 s acquisition. Both Bloch decays

and Hahn echoes were performed (20,480 scans each), but there was no

measurable signal detected.

To try and get a signal, bone specimens were processed further into

a powder. In powder form, it is possible to place more bone material in the

rotor. Additionally, the rotor is more balanced which allows the sample to be

spun at high frequencies more easily. To prepare the bone sample, cut bone

pieces were ashed in a drying oven in a series of heating steps. The

temperature and holding time lengths at each step are outlined in Table 3.1.

The heating rates between heating steps were 2 ◦C/minute. Following the

Environmental Protection Agency guidelines [98], these stepwise increases in

heat ensure that moisture is removed, and charring done before ashing takes

place. Previous work has shown that bone shows no significant
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recrystalization or thermal decomposition at a temperature of

600◦C [99–101], and that fluorine is not removed from the hydroxyapatite

matrix until temperatures reach well over 1000◦C [102,103]. A comparison of

the first and second samples is shown in Figure 3.1

Temperature (◦C) Holding Time (min)
110 60
310 120
510 180
310 30
110 30
40 30

Table 3.1: Heating temperatures and holding times in oven to allow ashing of
bone pieces. Ashing was done to make the sample more stable and compact
when performing MAS.

(a) (b)

Figure 3.1: Comparison of bone samples with different processing procedures.
The ashed bone powder (a) was more stable than the crushed bone pieces (b)
and able to spin at higher frequencies.

Additional fluoridated hydroxyapatite samples were prepared as

they should have similar properties to bone, though have the potential to be

made with high fluorine concentrations. These samples provide a good

reference for any acquired signal from bone. Fluoridated hydroxyapatite

samples were prepared by soaking hydroxyapatite powder in a 6000 ppm NaF
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solution, followed by rinsing with distilled water over filter paper, and air

drying for at least 12 hours. This follows similar work soaking apatite in

fluorine solutions with subsequent filtering and drying [104,105].

Following similar procedures to the crushed bone sample

experiment, 0.1 g of ashed bone powder was measured for 8192 scans, and

0.046 g of hydroxyapatite was measured for 256 scans. The samples were

spun at 11 kHz, and spectra were collected over a 212 ppm spectral width.

The pulse sequence was a standard 90◦ pulse with baseline subtraction using

the zgbs command in the Topspin library which is presented in Figure 3.2.

The pulse sequence includes a 1.5 s relaxation delay D1, a 4 µs 90◦ pulse, and

two 8 µs 180◦ pulses used to remove baseline signals. By using a square

pulse, a broad frequency range will be excited as the fourier transform of a

square wave results in a wide spectrum.

3.2.2 Bulk Sample Experiment

Based off the MAS work, the next step was to perform a static bulk sample

measurement. Unfortunately, there was no ready-made probe capable of

tuning to the frequency for fluorine at the NMR facility. To overcome this

hurdle, a custom prototype probe was designed and fabricated. Another
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Figure 3.2: Pulse program used in Topspin to excite the bone sample and
collect the FID. One 90◦ pulse was applied as well as two 180◦ refocussing
pulses. The FID was then recorded. There was a 1.5 s relaxation delay between
the end of data collection for an applied pulse and the start of a new excitation
pulse.

custom probe would most likely have to be developed in future work to do

human measurements, though the prototype probe is the first step toward

making human in vivo measurements of bone fluorine possible.

The resonance coil used in the past was 14 turns of No. 26 wire, 3

cm in length, 2.3 cm diameter on a nylon surface [87]. NMR coils have

upgraded since then where a common design used today is the birdcage coil.

It is necessary for the probe to generate an even RF pulse within the sample

of interest. This can be created in a cylinder with a z-directed surface
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current, which is the design principle behind a birdcage coil [106] where

sinusoidal currents are applied to each rung. Calculating the induction of the

coil is complicated, which is why simplifications or a calculation tool are used.

The gyromagnetic ratio of fluorine is 40.052 MHz/T while the

gyromagnetic ratio of hydrogen is 42.5775 MHz/T, so for a 200 MHz

spectrometer, the required frequency for fluorine will be 188.137 MHz. For

the RF coil, high Q capacitors are optimal. Following the work of Ref. [106],

a birdcage coil was designed for larger samples. Using the birdcage builder

app [107] [108], which has its interface shown in Figure 3.3, the capacitance

value was calculated for this coil. The materials for the probe included:

copper tape and copper wire, acrylic tubing, ceramic capacitors, and tin

solder to ensure connections between the capacitors, legs, and end rings.

A coil which could fit into the in-house probe body containing

shielding, tuning capacitors, and matching capacitors was designed. The

birdcage builder app overestimated the capacitor value required, indicating

that there was extra capacitance in the probe body. Using a value of 6.1 pF

for each capacitor on the rungs, a resonant frequency of 227.5 MHz was

found. Using a value of 11.1 pF, a resonant frequency of 188 MHz was found

which is very close to fluorine’s necessary frequency for a 200 MHz machine.
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Figure 3.3: Birdcage builder app interface used to determine the required ca-
pacitance for each capacitor on the birdcage legs. Input values were estimated
from the physical probe design.

Knowing the capacitor values that led to certain resonant frequencies, it was

possible to back-calculate the extra capacitance in the probe which was

determined to be 4.32 pF per leg. The input values to the birdcage builder

app are shown in Table 3.2. The finished coil is presented in Figure 3.4 and

its resonant peaks are shown in Figure 3.5.
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App Input Value
Type of Leg Rectangular
Configuration Low-Pass
Type of End Ring Tubular
Number of Legs 8
Coil Radius (cm) 1.6
Shield Radius (cm) 1.82
Leg Length (cm) 3.6
Leg Width (cm) 0.65
End Ring Inner Radius (cm) 0
End Ring Outer Radius (cm) 0.05

Table 3.2: Final input values to the birdcage builder app resulting in capaci-
tance values that agreed with experimental findings.

Figure 3.4: Prototype coil for measurement of bulk bone samples containing
fluorine. The coil is shown with connections made to the probe body.

The coil was tested on the 200 MHz spectrometer at the McMaster

NMR facility. The probe body and spectrometer setup are displayed in

Figure 3.6. When performing testing, the phasing was changed to sharpen
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Figure 3.5: Resonant peaks of the prototype coil as displayed on a spectrum
analyzer. The first peak corresponds to the desired resonant frequency of 188
MHz. The number of resonant peaks depends on the number of legs in the
birdcage coil.

the signal, the pulse length was optimized to find the 90◦ pulse (zg command

in Topspin), and the shims adjusted to narrow the signal. Tuning and

matching was performed within the Bruker probe body. A high concentration

sodium fluoride sample was used to test the coil. To ensure that the sample

was in the middle of the volume, tissue was wrapped around it.

3.3 Results

3.3.1 MAS Experiment

The spectra were analyzed using the Topspin software [109]. The spectrum

for the fluorohydroxyapatite sample is presented in Figure 3.7. The ashed
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(a)

(b)

Figure 3.6: Experimental setup for testing of the prototype coil. The probe
body used to make the measurements is displayed in (a), where the prototype
coil can be seen attached on top. The matching and tuning adjustments are
made with rods at the bottom of the probe body. The metal body provides
shielding. The 200 MHz spectrometer that was used to perform testing is
displayed in (b).

bone powder spectrum is shown in Figure 3.8. This spectrum was fit with

the Solids Lineshape Analysis Tool in Topspin, including the hydrogen

dipolar interaction, and is shown in Figure 3.9. A 74.6% overlap of the

spectrum with the fit was observed, indicating good agreement according to

the guidelines in the Topspin manual [110]. The span was calculated to be

122 ppm according to the Herzfeld-Berger convention [111]. A comparison of

hydroxyapatite with the ashed powder spectrum is presented in Figure 3.10.
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Figure 3.7: Spectrum of a 0.05 g fluoridated hydroxyapatite sample collected
from a 11 kHz MAS experiment with 256 repetitions.

Figure 3.8: Spectrum of a 0.1 g ashed bone sample collected from a 11 kHz
MAS experiment with 8192 repetitions.
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Figure 3.9: Fit to the ashed bone spectrum shown in Figure 3.8. The fit shows
the placement of the spinning sidebands and the uneven distribution of signal
intensity in the sidebands.

3.3.2 Bulk Sample Experiment

When testing the probe, the measurement signal was a broad peak with a

long T1. With the original acrylic probe in the 200 MHz spectrometer, there

was a broad signal (6 kHz) which had a 90◦ pulse length of 25 µs. No change

in signal was observed when a concentrated sodium fluoride solution was

placed in the coil.
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Figure 3.10: Comparison of chemical shift between the fluoridated hydroxya-
patite spectrum and the ashed bone spectrum. The ashed bone spectrum has
a more negative chemical shift. The sideband intensity pattern is similar in
both spectra.

3.4 Discussion

Results from the MAS spectra collected from human bone samples showed a

peak within the range corresponding to fluoridated hydroxyapatite. This

measurement provides the first piece of evidence using 19F NMR to classify

human bone samples as containing fluoridated hydroxyapatite. The main

peak of the ashed powder spectrum is shifted to the right of the
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fluorohydroxyapatite peak which agrees with previous studies [88–91,94–96]

as bone would not be expected to have complete substitution of fluorine.

Both the fluoridated hydroxyapatite and ashed bone powder spectra have a

CSA pattern that agrees with previous studies [90,93,94] as the upfield

spinning sideband is of higher intensity than the downfield spinning sideband.

Although it was suggested that fluorine in bone may be composed of multiple

species including calcium fluoride [91,93,94], the isotropic peak of the ashed

bone powder spectrum is symmetrical and does not appear to be composed

of multiple chemical species. This could be due to the small signal. It could

also be that calcium fluoride is only found in bone when fluorine levels are

quite high, and there was no reason to anticipate higher-than-average levels

of fluorine in this sample. Research into determining whether calcium

fluoride is a marker of too much bone fluorine is a future consideration.

In the NMR community, the signal to noise ratio (SNR) is defined

as the max peak height divided by the root-mean-square value of the

noise [112]. The detection limit is determined based off of the SNR. The SNR

of the main peak at -102.878 ppm in the ashed bone spectrum is 6.36. The

region where the noise calculation was taken from was -91 to -96 ppm. This

provides a good starting point on the expected signal when performing static

measurements on bulk samples. In a static spectrum, the signal intensity
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would be expected to be spread out over the calculated span of 122 ppm

instead of localized into discretized peaks. Previous studies using slower spin

speeds of 5–6 kHz also provide an estimate of the expected signal width.

These studies had a span of roughly 100–150 ppm [93,97], while a static

spectrum had a span of ∼ 250 ppm [95]. It may be that the calculated span

of the ashed bone spectrum should be bigger but the sideband peaks at

further multiples of the spin frequency did not have a high enough intensity

to be recognized by the fitting algorithm and included in the span

calculation. The trade-off for a static measurement where the signal is now

spread out over a much larger range with subsequent decreases in SNR, is

that much more material can be measured.

The fluoridation studies described above provide a good idea on the

amount of fluoride substitution that is detectable, a value which can be

compared to the typical amounts of fluoride substitution in bone. To

calculate the amount of bone that could reasonably be expected in a

measurement, it is assumed that the index finger will be measured and that

the total mass of the proximal phalange 2 will be in the active volume of the

NMR coil. The proximal phalange 2 has a length of 39.4 ± 2.9 mm for males

and 37.1 ± 3.7 mm for females according to a computed tomography study

on hand bone samples [113]. Assuming a proximal phalange volume of 4 cm3
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based off a second metacarpal volume of approximately 7 cm3 [113], there

would be a cross sectional area of 1 cm2 for a transverse slice through the

finger or 4 cm2 for a sagittal slice (which is where bone density measurements

are taken). A typical bone mineral density (BMD) in the proximal phalanges

is 0.6 g/cm2 [114]. Multiplying the bone mineral density with the sagittal

area, provides a value of 2.4 g. The total bone mineral mass in the phalanges

has been estimated as 13 g [114], which is equivalent to 2.3 g per proximal

phalange, which is consistent with our previous calculation.

With an estimate of the bone mineral mass that is expected in the

active volume of the coil, the fluorine content in the active volume of the coil

may also be calculated. Using the molar masses, the maximum weight

contribution of fluorine, assuming complete replacement of the hydroxyl ion,

is 3.76% or 0.06 g of fluorine. From previous work, the average fluorine

concentration is 0.003 mg F/g Ca [62]. This is equivalent to 1 fluorine in

bone apatite for every 30 hydroxyl ions or 0.15% of the bone mineral content

being fluorine (3.4 mg). For comparison, Table 3.3 lists a comparison of the

bone fluorine detection between different studies.

It is these estimates of the detection limit of 19F NMR to detect

fluoride in bone that prompted the building of a prototype probe to be used
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Material Material
Amount

Magnet
Strength
(MHz)*

Spin
Freq.
(kHz)

Number
of Aves

Amount
Fluorine
(mg)

Ground Rat Bone 7 g 27 0 1024 20

Human Finger 3 cm
length 27 0 768 3

Hydroxyapatite 0.1 g 200 10 - 0.4
Biomimetic
Mesocrystals 0.011 g 500 30 64 0.4

Ashed Bone
(current work) 0.1 g 600 11 8192 0.15

Table 3.3: Comparison of approximate detection amounts of various ex-
periments performing fluorine detection in bone or representative materials.
*based on proton frequencies

for static measurements. Although there were difficulties in attaining a

measurable signal from the probe, it is a good starting point for future

in vivo designs. If a signal were to be successfully obtained, the next step

would be to design a finger-simulating phantom to be used when optimizing

parameters and determining detection limits. For an NMR phantom,

interference from other elements due to activation as in NAA experiments is

no longer a worry, since the resonant frequency is specifically tuned to

fluorine (this frequency can be calculated for a specific magnetic strength

using Equation 3.3). However, the way in which fluorine is bound will affect

the signal. Thus the phantom design is completely different. A good

representation would be hydroxyapatite doped with varying amounts of
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fluorine and surrounded with an agarose gel to represent the detuning, power

loss, and effect on T1 due to the soft tissue of the finger.

Minimizing the detection limit in any future setup must include

optimization of the various parameters affecting the signal. Changing the

magnetic field strength affects both the SNR as well as the resolution.

Smaller magnetic fields result in finer resolution. On the 200 MHz machine

(4.7 T), 1 ppm corresponds to 200 Hz, whereas on the 500 MHz machine

(11.7 T), 1 ppm corresponds to 500 Hz. The SNR will be affected not only

by the magnetic field strength (B0) but also by the number of averages taken

(t), and the number of nuclei being activated (n):

SNR ∝ nB0
√
t , (3.6)

where n is the number of nuclei being activated, B0 is the magnetic field

strength, and t is the number of averages.

The relaxation constants T1 and T2 are properties that will affect

the optimal pulse timing of future experiments. A T1 of 1.46 ± 0.07 s and a

T2 of 75 µs has been found in previous work using a 27 MHz magnet [87].

However, T1 values for bone or apatite-like substances have a wide range of
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reported values from 200 ms to 378 s [93,115–118]. The pulse program used

in the MAS experiment and outlined in Figure 3.2 provided a reasonable

estimate to optimize the signal due to its pulse length being shorter than the

T2, and relaxation delay being somewhere in the middle of the hypothesized

T1 values (time it takes for 63% of the signal to recover). However, further

optimization of the pulse timing could be done. Better estimates of the

T1/T2 would also be helpful. Another consideration would be the volume of

the sample/size of the coil. With increasing size, achieving a uniform

radiofrequency wave as well as shimming becomes more difficult. The probe

could be further optimized by driving the transmission in quadrature, making

it more power efficient and increasing the SNR by a factor of
√

2 [106].

Future bone fluorine NMR work is not limited to in vivo situations,

as analyzing the effects of different parameters would also give insight into

bone’s elemental metabolism. As bone is a highly substituted apatite, the

concentrations of varying elemental substitutions may affect the signal.

Strontium [119] and chlorine [120] have both been shown to affect 19F MAS

NMR spectra. As well, the location of the bone sample in the body may have

some effect on its MAS spectrum. This initial experiment used skull samples

due to its availability in the anatomy lab. Within the NMR field, there are

also other techniques such as quantitative susceptibility mapping (QSM),

88



M.Sc. Thesis - M.Stuive; McMaster University - Radiation Sciences

which analyzes the phase differences in signals caused by the susceptibility

differences between compounds. Susceptibility differences are due to the

strong magnetic fields of electrons which are responsible for the bulk

magnetic properties of materials. QSM has had previous applications in iron

determination [121] and classification of calcium salts in tissue [122].

Susceptibility differences of different compounds such as fluorohydroxyapatite

and calcium fluoride could be measured with a susceptibility balance and

compared with corresponding phase images. It is possible that different

fluoride concentrations could affect the susceptibility measurements of bone.

It is also possible that the differences are too small to measure and there are

too many other bone substitutions with varying paramagnetic/diamagnetic

properties obscuring the effect. Since susceptibility differences and chemical

shifts are affected by the same parameters, comparisons between the two

could be made. Overall, NMR could provide more information about the

chemical structure of the material as well as its potential use as an in vivo

measurement technique.
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Chapter 4

Conclusion

Neutron activation analysis and nuclear magnetic resonance represent the

only ways of directly measuring bone fluorine in vivo. From the MAS

experiment, there is confirmation that fluoride is indeed binding to bone

apatite, though other chemical species have yet to be determined. Currently,

NAA remains the best technique for in vivo determination in that a

functioning system exists with a known MDL. However, this research has

shown that the previously calculated MDL may not be quite accurate and

the technique not quite as sensitive as earlier determined. The NMR

technique shows promise as a tool to examine bonding structure in bone

through advanced analysis of samples. However, as an in vivo technique,
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further work is needed to optimize the probe to lower its detection limit to

be within the same range as the NAA technique. If it could, measurement of

groups of people using both techniques to determine agreement between the

two methods would be possible.

There are trade-offs associated with each technique. The NAA

method provides instantaneous information on the other elemental

concentrations in the hand, which means that the ratio of fluorine to other

elements can be determined. Determining the relative amount of fluorine as

opposed to the absolute amount of fluorine is now possible, as the

concentration of elements such as calcium and sodium provide information

regarding the amount of bone being measured. It may be that the relative

concentration of fluorine is a more important measure of bone health as

opposed to the total amount of fluorine. As phosphorus comprises part of

hydroxyapatite, the fluorine NMR signal could be compared to a phosphorus

NMR signal as phosphorus-31 is NMR-active. However, sequential

measurements would have to be taken and another probe designed to

resonate at the Larmor frequency of phosphorus. The ability of NAA to

provide other elemental information comes at a cost, as these other elements

have the potential to obscure the collected signal of interest. This is not the

case in NMR where each NMR-active nucleus has a specific resonant
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frequency at which a radiofrequency pulse will be applied. NAA is a

radioactive technique, conferring radiation dose to the participants. This

means that any time it is performed, a radioactive work permit must be

approved. As well, the radiation dose sets an upper limit on the strength of

the applied neutron field. NMR has no ionizing radiation, and safety

considerations are limited to general magnet safety as well as possible

heating due to the radiofrequency pulse. It may also be easier to convince

research participants to take part in a study involving procedures "similar to

a Magnetic Resonance Imaging (MRI) scan" as opposed to radioactive

procedures. It’s also possible that the NMR technique could have a more

widespread availability if it could be used with MRI setups or even smaller

portable magnets, while NAA is a technique limited to highly-focussed,

intense neutron fields.

It may be that these techniques are complementary. Both of these

methods provide unique information that may be useful in different

scenarios. For example, NMR may prove a good tool as a quick diagnostic

technique to determine fluorine amounts, especially in cases of potentially

high contamination, while NAA remains a technique with high sensitivity to

separate out how various factors and activities may affect fluoride

accumulation.
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Future research studies of in vivo fluoride measurement may be

directed at examining the optimal levels of fluoride in people suffering from

osteoporosis or the differences in fluoride accumulation between trabecular

and cortical regions. As so many pharmaceuticals contain fluorine, in vivo

measurements of people treated with fluorine-containing drugs would

determine how their usage impacts bone fluoride levels. These are just a few

of the areas that are still waiting to be studied, and there are still many

questions to be answered as to the intricacies and impact of fluoride in bone.
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