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ABSTRACT

A non-destructive, multi-elemental analytical method using energy dispersive x-ray fluorescence
(EDXRF) spectrometry was developed for the quantification of enamel-manganese (MnE) for comparison
to dietary and tap water intakes of Mn, as well as children’s height, Weschler Abbreviated Scale of
Intelligence Quotient (IQ) test scores and Santa Ana (SA) dexterity test scores. Using the novel analytical
method, enamel-iron (FeE), copper (CuE), zinc (ZnE) and lead (PbE) were also quantified and correlated

to one another and to children’s height, 1Q test scores and SA dexterity test scores.

Significant positive correlations were observed between all essential trace elements in surface enamel
(Mn, Fe, Cu, Zn). MnE was found to have a weak correlation with estimated dietary intake of Mn (p <
0.01). No significant correlations were found between oral ingestion of Fe and FeE. Metals concentrations

were observed to be highest in incisor enamel for all elements except zinc.
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“If one went to see Windsor-Castle, or Hampton-Court, it would be strange not to
observe and remember the Situation, the Building, the Gardens, Fountains, &c. that make
up the Beauty and Pleasure of such a Seat? And yet few People know themselves; No,
not their own Bodies, the Houses of their Minds, the most curious Structure of the World:;
a living walking Tabernacle: Nor the World of which it was made, and out of which it is

fed; which would be so much our Benefit, as well as our Pleasure, to know.”

-William Penn, 1682
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Chapter 1

Introduction

1.1 Human deciduous teeth

There are twenty deciduous teeth in the human dentition. Of these, there are ten on the upper jaw
(maxillary teeth) and ten on the lower jaw (mandibular teeth). Each jaw holds two central and two lateral
incisors, the front teeth used for cutting; two canines, the round, pointed teeth on either side of the

incisors used for tearing; two first and two second molars that are that are used for chewing.

Human teeth can be divided into two parts: the crown and the root. The crown of a tooth is the part that
protrudes into the mouth while the root is the part that fastens the tooth to the bony structure of the jaw.
The surface of the crown is covered in dense mineral enamel. Dental enamel is the most dense, hard and
highly conserved tissue in the human body (1). Beneath the enamel lies a tough, partly mineralized tissue
that runs down into the root and is known as the dentine. Beneath the dentine there is a soft tissue
containing vasculature and nerve cells that is called the pulp. Teeth are fastened to the bony structure of

the jaw by a network of fibrous tissues that are collectively known as the periodontal ligament.



Figure 1.1: Diagram showing the general structure of a tooth. Image taken from (1).

There are several terms used to describe the relative positioning between teeth and the positioning of
features and landmarks on a tooth. The dentition can be divided by a median sagittal plane down its center
that intersects the dentition at the incisors. The mesial side of a tooth is the side along the dental arcade
that is closest to this intersection. The distal side is the side furthest from it. The lingual side of a tooth is
that which is closest to the tongue and the buccal side is that which faces the cheeks (or in the case of
incisors and canines, the lips). The surface of the crown that is used for chewing is the occlusal surface

and surface on the sides of the crown closer to the gums is the cervical surface.

Deciduous tooth enamel is of particular interest as a biomarker because of its highly conservative nature.
The formation of enamel (amelogenesis) begins at 14 weeks in utero and continues until the eruption of
the tooth into the oral cavity. This timeline of formation makes it an attractive candidate as a biomarker
for in utero and neo-natal exposures to trace elements. Recent work published in Nature has shown a
distinct increase in the barium content of enamel that was formed after birth, showing that barium present

in mother’s milk is incorporated during mineralization of the enamel (2).



1.1.1 Amelogenesis

Amelogenesis begins at approximately 14 weeks in utero. The process begins with the differentiation of
cells in the enamel epithelium into specialized ameloblasts at the cusp region of the central incisors.
Differentiation rapidly spreads down the cusp slope of the tooth until the entire internal enamel
epithelium has differentiated to ameloblasts. Differentiation begins sequentially at the cusp tips of the
enamel epithelium of teeth distal to the central incisors until finally the maxillary second molars begin
amelogenesis. A timeline for the formation of enamel from its initial calcification until its completion just

prior to eruption is given for all deciduous teeth in Table 1.1.

Enamel formation takes place in two stages: secretion and maturation. The secretion stage involves
polarized, columnar ameloblasts forming and secreting enamel matrix proteins and enzymes in a 24-hour
cycle while pulling outward, away from the center of the tooth, at a rate of approximately 4 pm/day. The
extracellular matrix excreted by the ameloblasts is called enamel matrix. Once the secretion of enamel
matrix has continued to a point where the thickness of the enamel of the tooth has been delineated, the
secretory stage is complete and the maturation stage begins. The secretory stages comprises about 35% of

the time of enamel formation (3).

Table 1.1: Timeline of enamel formation

Maxillary Central Lateral First Second
Teeth Incisor Incisor Canine Molar Molar
.. 14 16 17 15.5 19
Initial . . . . .

e - weeks in  weeksin weeksin weeksin weeks in
calification
utero utero utero utero utero
Crown 1.5 2.5 9 6 11
completed months months months months ~ months
Mandibular  Central Lateral First Second
Teeth Incisor Incisor Canine Molar Molar
.. 14 16 17 15.5 18
Initial . . . . .
e s weeks in  weeksin weeksin weeksin weeks in
calification
utero utero utero utero utero
Crown 2.5 3 9 55 10
completed months months months months ~ months

Table adapted from (4)



The maturation stage is characterized by the mineralization of enamel. In this stage, the ameloblasts
change structure and function. The cell membrane adjacent to the enamel matrix folds into a ruffled form,
increasing its surface area near the enamel matrix. Organelles that were involved in the formation and
secretion of enamel matrix proteins move away from the distal edge of the cell and a rapid transport of
material across the plasma membrane of the ameloblast begins. There are many processes that occur
during this stage including the absorption of water and organic material from the enamel matrix by the

ameloblast, but this introduction will focus only on ion transport of inorganic material into the enamel.

Dental enamel is comprised mainly of a calcium phosphate mineral hydroxyapatite [Caio(PO4)s(OH),].

The driving force for precipitation of enamel crystals in the enamel matrix is controlled by three general

processes (5):

1. The changes in ionic concentrations of hydroxyapatite lattice constituents in circulating blood and
their transport through intercellular spaces and across ameloblast cell membranes.
2. Diffusion of lattice constituents through the enamel matrix.

3. The modulation of precipitation kinetics by various regulators.

Radiolabeled calcium ions have been shown to move from the bloodstream into newly secreted enamel
matrix in less than 30 seconds through intercellular spaces and ruffle-ended ameloblasts (6). Divalent zinc
and magnesium are known to adsorb onto the HAP crystals but with lower affinity than calcium (7). Ina
more recent work, Matsunaga measured ionic substitution energies of various divalent cations in saturated
hydroxyapatite solutions, with some findings shown in figure 1.2 (8). Although the exact energies from
Matsunaga’s work are specific to the controlled conditions of the experiment, the pattern of decreasing
substitution energy is understood to be related to the increasing electronegativity of the cations and also to

their ionic radius (8).
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Figure 1.2: lonic substitutional energies by divalent cations for Ca-1 in
HAp as a function of pH. Figure taken from (8)

Modulation of factors that may influence precipitation kinetics has been described (3). These include the
availability of calcium ions to move into the enamel matrix through a cycle of controlled movement —
simple diffusion — no entry — simple diffusion — controlled movement and the modulation of pH with

bicarbonate ions.

The mineralization of enamel continues until the enamel is formed of approximately 96% mineral by
weight (mostly hydroxyapatite). Once this mineralization is complete, the ameloblasts form a protective
layer around the teeth, preventing mineral resorption in the body before eruption. Upon eruption, the
epithelial layer that includes ameloblasts is worn off the surface of the teeth and the enamel is exposed to

the oral environment.

Once enamel is formed it cannot regenerate. Therefore, wear from grinding and acid erosion are
permanent (9). However, hydroxyapatite has a very low solubility product, on the order of 10™, and is
therefore resistant to acid erosion at physiological pH (9). Its resistance to change and ionic substitution
make it an attractive candidate for obtaining information about the concentrations of its lattice

constituents including Mn?*, Fe**, Cu®*, Zn*" and Pb*".



1.2 Manganese

1.2.1 Metabolism

Manganese is an essential trace element for humans. The most common source of Mn is dietary intake of
cereals, legumes, nuts, coffee and tea (10). For adults, average dietary intake of Mn is between 2-6 mg per

day. This range of intake is sufficient to maintain healthy levels of Mn (11).

Dietary absorption of Mn varies as a function of age and sex. Absorption has been shown to be as high as
15.4% in premature infants at 10 days, while term newborns absorbed 8% and healthy adults absorb
between 1 to 3% of dietary Mn (10). Mn absorption has been shown to be sex-dependent, with women
absorbing the element more than men while men have greater retention than women (12). The sex-
dependence in retention and absorption has been proposed to be the result of varying iron status between

men and women (12).

Uptake of Mn from the gut occurs in the small intestine. Mn** ions have higher solubility than Mn** ions
and therefore cross the mucosal lining of the digestive tract preferentially. Free molecular oxygen then
acts as an oxidizing agent, converting Mn** to Mn**, thus enabling the Mn ions to bind tightly to
transferrin (Tf) molecules (13, 14). Transferrin is a common transporter of iron molecules throughout the

body (10).

In 1997, a new transport mechanism was discovered in the duodenum of rats that facilitated direct uptake
of divalent cations into enterocytes and blood plasma (15). The discovery of a non-specific transport
mechanism for divalent cations including iron, lead, manganese, zinc and copper led to an explosion of
research in this field. Divalent metal transporter-1 (DMT-1) has since been found to be present in the
duodenum and blood-brain barrier of humans, elucidating a simple mechanism of transport from oral
intake of trace metals to potential neurotoxicity. Other mechanisms for Mn transport in the blood-brain

barrier include Ca®* channels (16) as well as zinc transport mechanisms ZIP8 (17) and ZIP14 (18).



Mn is primarily taken up by the liver, kidneys, pancreas and skeleton. It is estimated that 25% of the 10-
20 mg of Mn present in the human body is found in the skeleton. The presence of Mn in the skeleton has
led to the investigation of bone as a biomarker for Mn body burden (10, 19-21). Mn homeostasis is
regulated by excretion via the biliary system, often against a concentration gradient (22). Because of this,
the amount of Mn found in the urine is very small and urine’s usefulness as a biomarker is questionable

(23).

Significant variance of Mn metabolism between subjects and a lack of clear relationships between Mn
exposure and biological outcomes has made the study of low-level Mn toxicity challenging (23). Whole
blood has been found to be an effective biomarker of recent exposure to Mn but not of long-term,
cumulative exposure (23). A commonly used biomarker for cumulative exposure is hair, although there
are known problems regarding exogenous contamination of hair samples (24). In vivo neutron activation
analysis (IVNAA) has been shown to effectively measure elevated levels of Mn in the skeletal system of
welders (21). The use of whole teeth as a biomarker for prenatal exposure to manganese has been carried
out using ion mass spectrometry, showing a positive correlation between early Mn exposure and
behavioral disinhibition (25). Arora and colleagues are the first to have suggested the use of teeth as a

biomarker of Mn exposure (26, 27).

Deficiency of dietary manganese is extremely rare. In animal studies where Mn deficiency was induced,
symptoms observed included impaired growth, skeletal abnormalities, impaired reproductive functioning

ataxia of the newborn and defects in lipid and carbohydrate metabolism (11).

1.2.2 Toxicity and deficiency

Over-exposure to manganese induces neurotoxicity known as manganism. Mn toxicity presents

symptoms similar to idiopathic Parkinson’s Disease (IPD) that include tremors, gait changes,



bradykinesia and stiffness. Manganism was first reported by John Couper in 1837 after he observed
manganese grinders who presented with similar neurological symptoms (28). Since then, most of the
scientific literature regarding manganism has focused on high levels of occupational exposure to
manganese through inhalation of dust or aerosols. However, liver disease (29, 30) and total parenteral

nutrition (31) have also been implicated in manganism.

Although the symptoms of manganism and IPD are markedly similar, there are clear neuropathological
differences between them. IPD is a disorder associated with the loss of dopamine function in neurons of
the substantia nigra of the basal ganglia. Examination of the brain of a man chronically exposed to Mn
revealed that the substantia nigra of the Mn worker’s brain was left intact, whereas the pallidum showed a
marked decrease in the number of cells, cell size, and myelinated fibers (32). However, it has been
suggested that Mn toxicity may play a role in IPD through oxidative stress in astrocytes as well as

disruption of dopaminergic functioning of neurons (33).

Mn neurotoxicity has been hypothesized to result from the disruption of activity and expression of
glutamine transporters in astrocytes of the basal ganglia (34, 35). Astrocytes are involved in many central
nervous system (CNS) processes including growth, energy and metabolism, synapse function and
transmitter homeostasis (36, 37). There is also evidence that Mn inhibits dopaminergic systems in

neuronal cells via oxidative stress (38, 39).

Aschner and colleagues (40) have highlighted some of the difficulties of investigating molecular
mechanisms of Mn neurotoxicity. Firstly, it is necessary to inject a bolus of tracer-Mn that may not
accurately reflect the oxidation states and/or functional forms of Mn in vivo. Given the manifold
biochemical pathways of Mn transport, data obtained from tracer techniques may be difficult to interpret.
Secondly, blood ligands for Mn may exist in saturation which would leave an excess of free form Mn that

does not mimic physiological conditions. Lastly, Mn concentrations in human neurological tissues are



below 2 ppm (41), making analytical uncertainty important. For these reasons, transport Kinetics of Mn

must be regarded in the context of considerable experimental uncertainty.

There is substantial epidemiological evidence to support the claim that between optimal neurological
function and manganism, there is a gradient of decreased neurological functioning related to Mn exposure
(42). Whole blood Mn concentrations of 58 men working in a ferroalloy plant were found to correlate to
levels of Mn exposure and decreased motor neuron functioning (43). This study is somewhat unique in
that urine-Mn concentrations correlated with blood-Mn levels and neurological outcomes. A similar
survey of 141 men working in a Belgian salt production plant showed a correlation between Mn exposure
and motor neuron deficits, as well as a relationship between airborne Mn exposure and reduced

pulmonary health (44).

More recently, there has been an increased focus on Mn toxicity during pre- and neonatal stages of
neurological development (45). In Quebec, a pilot study investigating correlations between Mn
concentrations in children’s hair, Mn concentrations in their drinking water and behavioral disinhibition
found positive correlations between all three (46). A subsequent investigation of the complete
neurological profile of children including 1Q test scores found that Mn in children’s drinking water was
correlated with lower 1Q test scores (47). A study in rural Bangladesh found a 6.4% decrease in
standardized mathematics test scores among children who drank water with Mn levels higher than the

World Health Organization guideline of 400 ug/L (48).

Recent evidence suggests that sex and gender may also play a role in manganese neurotoxicity (49-51).
Bouchard and colleagues observed an inverse relationship between Mn exposure in drinking water and 1Q
test scores that was stronger in girls than in boys (47). A cohort of Mexican children between the ages of
7 and 11 were found to have a similar inverse relationship between Mn exposure (from dust near a mine)

and lowered 1Q that was stronger in girls than boys (52). Although the reasons of the sex, gender and age



dependence of Mn toxicity are not yet known, homeostatic mechanisms involved in the regulation of

essential trace metals and overall nutritional status may play an important role.

Manganese has also been shown to interact with -- and in many cases to interfere with -- homeostasis of
other trace metals. Iron and manganese are known to compete for binding sites on transferrin molecules

and exert a strong influence on the uptake and transport of trace metals (53). Cowen and colleagues have
suggested using Mn/Fe ratio in whole blood as a biomarker of Mn exposure after observing

environmental exposure to Mn decreased iron content in blood (54, 55).

Manganese exposure is known to affect uptake of iron. Exposure to elevated levels of Mn results in the
upregulation of Tf receptors within neuronal cells, leading to iron overload and exposing cells to
oxidative stress (56). Ingestion of Mn in drinking water fed to pregnant rats has been shown to alter iron
homeostasis and anxiety behavior of offspring (57). Conversely, iron metabolism genes have been shown

to influence uptake of Mn (58) and anemia has been shown to increase manganese uptake (59, 60).

Betharia and colleagues have found a pharmacokinetic interaction between Pb and Mn exposed rats with
sex-specific (incorrectly reported as “gender” specific) neurological outcomes (50). Conversely, Lucchini
and co-workers examined the relationship between Mn and Pb levels in children and adolescent
neurological outcomes and found that there was no Mn-Pb interaction and that Mn exposures had no

measurable effect on neurological functioning (61).
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1.3 Iron

1.3.1 Metabolism

Iron is an essential element that plays a role in a broad range of metabolic functions in humans including
the Kreb’s cycle and oxygen transport. It is commonly found in many foods; particularly in red meat,
poultry and fish. Despite its known essential role in human health, it is estimated that 2 billion people

worldwide suffer from iron deficiency (62).

Two forms of iron exist in dietary sources: heme and non-heme. Heme proteins, one of which is shown in
figure 1.2, are more bioavailable than inorganic iron although its mechanism of intestinal absorption is
not yet known (63). Non-heme iron is less effectively absorbed in the intestine, but the mechanisms of

absorption are better understood.

CH,

2 CH;
H,C
HsC CHs
0™ “oH of OH

Figure 1.3: Chemical structure of heme B protein (Image taken from (64))

Non-heme iron is found most commonly in ferric form (Fe**) in dietary sources. Ferric iron is reduced to
ferrous (Fe") iron in the duodenum. This process is thought to be mediated by the enzyme duodenal
cytochrome B (DcytB), although DcytB has been shown to not affect iron absorption in mice (65). Uptake
of ferrous iron is then regulated by DMT-1. It has been shown that both DcytB and DMT-1 are highly

regulated by iron status (10).
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The understanding of iron metabolism has increased dramatically in recent years. One of the most
important findings regarding iron metabolism was the discovery of hepcidin (66). Hepcidin regulates the
efflux of iron from cells that store excess iron in ferritin, a protein that keeps iron in a hon-toxic state,

thereby preventing redox reactions known as the Haber-Weiss-Fenton sequence (shown below):
Fe?t + 0, > Fe3* + 05
205 «+2H* > H,0, + 0,
Fe?* + H,0, > OH « +OH™ + Fe3*

Hepcidin reduces the efflux of iron from intestinal enterocytes, macrophages, hepatocytes and placental
cells by binding to ferroportin on the cell membrane and causing it to internalize and degrade (67). Since
hepcidin production is upregulated by the presence of iron (68), a feedback loop exists that keeps iron
levels within a margin that enables iron to perform its metabolic roles without subjecting cells to

oxidative stress through Haber-Weiss-Fenton reactions.

Iron is not excreted via urine or sweat and the regulation of iron body load occurs strictly at the site of
intestinal absorption. Common biomarkers for iron status include serum ferritin, total serum iron, total
iron-binding capacity, transferrin saturation, and transferrin (69). All of these biomarkers involve taking
blood samples from subjects. These methods may be confounded by the fact that plasma/serum ferritin
levels are known to increase in the presence of inflammation, ethanol consumption, hyperglycemia and

ferritin levels are directly correlated to body mass index (70).

To date, there has been no investigation of calcified tissue as a biomarker of iron exposure or status in
humans. The presence of heme-iron in tooth enamel is extremely unlikely given the size and structure of
the heme molecule. However, divalent cations such as ferrous iron may substitute at the isovalent calcium

sites of hydroxyapatite [Ca;o(PO4)s(OH).], the principal component of tooth enamel (71). Therefore
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dental enamel may be considered as a potential marker of the presence of trace metals in a divalent

chemical state during the formation of the enamel, including iron.

1.3.2 Toxicity and deficiency

The most common health detriment associated with iron is deficiency. As stated above, approximately 2
billion people worldwide are iron deficient, making iron deficiency one of the most widespread

nutritional disorders in the world. In Canada, iron deficiency is far less common, although 8% of pregnant
women were found to have inadequate iron stores between 2009 and 2011 (72). Iron deficiency can lead
to a condition characterized by lowered red blood cell production, called anemia. However, iron status has

a full spectrum ranging from toxic overload to healthy to deficient to anemic.

Low iron status is known to cause developmental neurotoxicity via several mechanisms that are reviewed
by Nyaradi et al (73). Umbilical cord serum has been used as a biomarker to show significant
neurological deficits associated with iron deficiency in utero (74). Interestingly, umbilical cord blood is
itself significant for neonatal iron stores. A delay of 2-3 minutes in the cutting of the umbilical cord
imparted an additional 75 mg of iron to each child and a statistically significant difference could be
measured in iron stores of these children at six months of age (75). On the other hand, studies have shown
that mothers in developed countries given iron supplements had children who failed to outperform

children born to mothers given a placebo (76, 77).
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1.4 Lead

1.4.1 Toxicokinetics

Lead (Pb) is a well-known neurotoxin. It has been used by humans for thousands of years but interest in
Pb toxicity is currently focused on environmental and industrial exposures. Pathways of exposure that
lead to neurotoxicity are similar to those of other trace metals: primarily inhalation and ingestion,

although organic lead can pass through dermal tissue (78).

Lead exposures in Canada have decreased considerably since the 1970s. Between 1978 and 1979, it was
estimated that 25% of Canadians had blood-lead levels >10 pg/dL, an amount that is currently considered
toxic (79). By 2008, the percentage of Canadians with blood-lead levels above the guideline of 10 pg/dL
had been reduced to < 1%, mostly due to the discontinued use of leaded gasoline, paints and lead solder in

food cans that were common in the 1970s (80).

There are still sources of environmental Pb in Canada that currently pose a toxicity risk, however. Recent
evidence suggests that Pb paint and pipes in older, urban homes are a significant source of Pb dust (81).
After nearly100 years of coal-fired power production and 40 years of leaded gasoline use in St. Johns,
NF, more than half of soil samples taken from the city exceed the national soil-Pb guidelines of 140 ppm
(82). The highest levels of Pb found in soil by Bell and colleagues came from houses built in the 1920s or
earlier, where decay of leaded paint on clapboarded houses contributed significantly to some soil-Pb

levels that exceeded 1200 ppm (82).

By comparison to other industrialized countries, Canadian environmental lead levels are quite low. A
review of investigations from across China found that 24% of children in who participated in studies had
blood-Pb levels that exceeded 10 pg/dL between 2001 and 2004 (83). In many underdeveloped countries
in Africa, Asia and South America, the prevalence and severity of lead toxicity is shocking. In 2010, an

outbreak of lead poisoning related to artisanal gold mining in Nigeria resulted in the deaths of as many as
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78 children in a single village (84). It was found that more than 97% of the children in four Nigerian
villages that were investigated had blood-lead levels >45ug/dL (84). Artisanal mining is a major industry,
with an estimated production of 20-30% of the gold on the global market and more than 100 million
people directly or indirectly dependent on artisanal mining for their livelihood (85). An extensive review
of lead concentrations in the human environment, as well as age- and sex-specific intake estimates in the

American population is given in the 6" and 7" chapters of Mushak’s textbook (78).

Uptake of Pb from the environment depends on the bioavailability of Pb, which varies as a function of
age, with younger people generally absorbing more than adults (78). There are several models of
toxicokinetics of lead once it has been absorbed into the system. Each has advantages and disadvantages

with respect to accurately modeling exposures from industrial or environmental exposures.

The first model discussed here was developed by Rabinowitz and colleagues and is a three compartment
model for lead once it is absorbed into the system (86). The first compartment of the model is blood.
Blood-lead was found to have a mean life of 36 + 5 days. The second compartment is soft tissues; a
compartment that is partly comprised of biomarkers such as hair and nails and has a mean life that varied
between 30 to 55 days. The third compartment is the skeletal system. The mean lifetime of lead in bone
was reported to be “much greater” than the other compartments although at the time that this model was
developed, data were unavailable for a more thorough investigation of skeletal lead kinetics (86).
Although there were only 5 participants used in this work, the dietary ingestion of Pb-tracer as lead nitrate
closely reflects environmental exposure conditions of healthy adults and provides useful information
regarding various biomarkers. However, it was noted that the model is unable to account for the
accumulation of lead in brain tissue, and therefore more complex models of Pb kinetics would be

necessary for accurate modeling of lead kinetics (87).

The second model is used by the International Commission for Radiological Protection (ICRP) for

exposure to lead radioisotopes and is based on the model given by Legget and colleagues (88, 89). This
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model is considerably more complex than that proposed by Rabinowitz and co-workers and comprises
data that were published including kinetics of lead in soft tissues. Data were collected from multiple
animal and human studies and compiled into age-related models for lead kinetics. This model was the
first to move away from strictly first-order kinetics as it introduced non-linear kinetics between blood

ligands and plasma.

Subsequent post-mordem examinations of subjects exposed to low levels of lead throughout their lives
showed excellent agreement with model predictions although the sample size was too small to provide
definitive results (88). A notable feature of this model is that children tend to have increased uptake of Pb
into their bones relative to adults. Consequently, blood-Pb measurements, even if taken over long periods
of time during childhood, may give an underestimate of lead body burden of children compared to adults.
Despite this, blood-Pb concentrations remain the standard biomarker of Pb body burden in children and
the blood-Pb level that is considered toxic for children remains 10 pg/dL. It is interesting to note that
there is evidence showing neurotoxicity at blood-Pb levels well below this accepted threshold in children

(90).

A third model of interest is a physiological model similar to the ICRP model, but was derived by different
means. The O’Flaherty physiology-based model was developed through a sequence of models and
experiments beginning with rats, then humans, then age-specific models of human physiology (91-95).
This model was further adjusted by Fleming and colleagues after taking bone lead measurements of
workers at a lead smelter in New Brunswick using an in vivo system of bone-Pb measurement developed

by Chettle and co-workers. (96, 97)

Teeth have been used as a biomarker for cumulative lead exposure (98-107). However, the amount of lead
found in a tooth was found to be related to the type of tooth (108, 109), the presence or absence of caries
(enamel demineralization) (110, 111) and the presence or absence of a tooth root (111). The distribution

of Pb in deciduous enamel has been shown to be heterogeneous, with maximum Pb concentrations at the
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enamel surface. (112, 113) It should be noted here that Brudevolde and colleagues (113) found that Pb
concentrations were highest at the enamel surface of unerupted teeth as well as erupted teeth---showing
that the observed distribution is not necessarily the result of exogenous contamination. However, they
also examined a subset of teeth from an older population and found that they had higher concentrations of
lead in their surface enamel compared to the younger population. It was not possible to determine if this
difference resulted from the older generation having higher pre-eruption exposures or accumulating Pb at

the enamel surface over time (113).

1.5 Zinc

1.5.1 Metabolism

Zinc is an essential element that functions in catalytic, structural and regulatory roles in human
metabolism (10). The richest food sources of zinc are flesh and organs of fish and meat (10).
Recommended intake levels of zinc are 8 mg per day for female adults and 11 mg per day for male adults

while children are recommended to ingest 3-9 mg per day depending on their age and sex (114).

There are many factors that affect the bioavailability of zinc. The fractional absorption of zinc is nearly
100% when less than 5 mg are ingested in an aqueous solution in a fasting state (115). When zinc is
consumed with food, the absorbed fraction has been found to range between 5% to greater than 50%
(116). Zinc absorption from animal source foods is higher than zinc absorption from plant source foods

because plant source foods contain phytate, an inhibitor of zinc ingestion (10, 117).

Bioavailability of zinc is also affected by the presence of other divalent metals in the intestinal lumen.
There is evidence that suggests that intestinal zinc absorption of Zn®* ions in aqueous solution is reduced
by the presence of high amounts of Fe** in aqueous solution (118). This may result from competition for
uptake via non-specific absorption pathways such as DMT-1 in the intestinal lumen.
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Many metabolic pathways of zinc remain to be discovered. Two classes of zinc transporters have been
elucidated to date. The first of these is the ZnT class, which has ten carriers that have been discovered so
far (ZnT1 to ZnT10) (119). ZnT carriers facilitate the efflux of Zn across the cell membrane. The second
class of Zn transporters is the ZIP transporters (ZIP1 to ZIP14). These are thought to facilitate the influx
of Zn into cells from the extracellular environment or from within vesicles inside the cell (119). ZIP8
displays ion non-specificity between Zn and Mn and ZIP14 displays non-specificity between Zn, ferrous

iron and Mn.

It is known that the gastrointestinal tract plays a key role in zinc homeostasis (10). The fractional intake
of zinc has been shown to be reduced in response to an increase of zinc ingestion within 24 hours of the
intake (117). However, intestinal absorption has not been shown to respond efficiently to changes in zinc
status (120). Zinc uptake in late stages of pregnancy and lactation was shown to be increased in an animal

study (121).

Tracer kinetics studies using radioactive ®"Zn and ®Zn have been used to quantify zinc absorption and
metabolism throughout the body (122, 123). These studies have shown that there is a very low turnover of
zinc once it has entered calcified tissue. In 1993, the ICRP published a kinetic model for zinc for the
purpose of internal dosimetry (89). This model used first order kinetics for all tissue compartments and
97.5% of zinc in bone (which accounts for 19.5% of zinc in the body) was estimated to have a biological
half-life of 400 days (89). More recently, Legget has compiled data from various tracer kinetics studies
and has proposed several modifications to the model provided by the ICRP (124). The model suggested
by Legget does not provide any additional information about the metabolism of zinc during early stages
of childhood, nor does it mention teeth as a distinct compartment of the skeletal system. To date, tooth

enamel has not been used as a biomarker for cumulative zinc exposure.

Zn** ions are required to activate tissue non-specific alkaline phosphatase (125). This suggests a major

role for zinc in the formation of dental enamel since alkaline phosphatases are required to cleave calcium
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and phosphate ions from organic molecules so that they may incorporate into the enamel structure (126).
Zinc has also been shown to incorporate into the superficial layer of demineralized enamel in the presence
of calcium phosphate-containing chewing gum (127). Because there are pathways for both exogenous and
endogenous incorporation of Zn in dental enamel, it may be difficult to establish and quantify the Zn in

enamel that is specific from each source.

1.5.2 Deficiency and toxicity

In North America, zinc deficiency is uncommon because most dietary intakes are sufficient to maintain
healthy Zn stores (114). Zinc deficiency is characterized by symptoms that include growth retardation,
skin lesions, delayed healing of wounds, hypogonadism and several others (10). The impairment of
growth and hypogonadism are thought to result from the maintenance of functional Zn levels in certain
tissues at the expense of those that are most metabolically active (10). In humans, severe Zn deficiency is
rare due to the efficacy of homeostatic mechanisms of uptake. Causes of zinc deficiency include

inadequate intake, Crohn’s disease (128), celiac disease (129) and intestinal bypass surgery (130).

It has been estimated that the total amount of zinc that is required by a growing fetus during pregnancy is
approximately 100 mg (131). This additional zinc requirement may be met with zinc supplements,

additional dietary intake, or increased intestinal absorption during pregnancy.

The effects and possible mechanisms of zinc neurotoxicity have been reviewed by Morris and colleagues
(132). There are three general mechanisms of neurotoxicity involving zinc that are discussed. The first
mechanism is excitotoxicity. Excess Zn from pre-synaptic neurons binds to post-synaptic NDMA
glutamate receptors and blocks functioning, resulting in impairments to learning and memory. A second
mechanism of neurotoxicity is oxidative stress by the creation of reactive oxygen species (ROS). The last
category is impairment of cellular energy production. Energy impairment takes place by the inhibition of

nicotinamideadenine dinucleotide (NAD+), an essential redox coenzyme for cellular glycolysis.
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Despite the potential for involvement of zinc in neurotoxicity, homeostatic mechanisms generally prevent
dietary intakes from having an adverse effect on human health. In cases where homeostatic mechanisms
are circumvented, such as inhalation during long term occupational exposures, it has been noted that
copper homeostasis was affected. In a study of 111 subjects working at a steel mill that galvanizes
materials with zinc, workers who had high levels of serum zinc had reduced levels of both copper and

calcium in their serum (133).

1.6 Copper

1.6.1 Metabolism

Copper (Cu) is an essential element in humans that is involved in many catalytic and physiological
functions (10). Sources of dietary copper include shellfish, seeds, nuts, grains and chocolate (10).The
human adult body contains approximately 100 mg of copper with a range from 50 to 120 mg (10).
Approximately 40% of the copper in the body is stored in bone tissue (10).

Intestinal absorption of copper in children has been measured to decrease with increasing age (134). The
mean intake of healthy infants receiving human milk during the first year of life is 200-220 pg/day (114).
The recommended dietary allowance for copper increases throughout development into adulthood when it
remains at 900 pg/day (114). Although pathological consequences of high dietary copper consumption
are rare, upper levels of intake are 1000 ug/day for infants and it is recommended that copper intake
should be from food only during the first year of life (114).

The bioavailability and metabolism of copper is known to be related to the absorption of other metals
such as iron. The metabolic relationships between copper and iron have been reviewed by Collins and
colleagues (135). It has been observed that deficiency of copper is associated with low hemoglobin and

serum iron levels (136). Conversely, iron deficiency induces expression of copper ATPase (ATP7a),
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suggesting that iron deficiency causes an increase in the absorption of copper into enterocytes (137). This
same investigation found that iron deficiency induced expression of DMT-1, suggesting a second
mechanism of increased absorption of (divalent) copper in response to depressed iron status.

Copper bioavailability is inhibited by the presence of dietary zinc (117). It has been suggested that
competition for absorption is due to the similar complex formations and electron structure of these
elements (138). Depletion of copper has been observed in humans who supplemented 50 mg of Zn per
day for extended periods of time (10). This observation forms the basis for the Upper Intake Levels of Zn

given by the Food and Nutrition Board (114).

1.6.2 Deficiency and toxicity

The literature on the neurotoxicity of copper is focused primarily on its role in neurodegenerative diseases
such as Alzheimer’s Disease (AD). Copper’s metabolic activity is heavily dependent on its redox capacity
and so there is inherent potential for Fenton and Fenton-like chemistry to produce oxidative damage in
tissues where copper is present (139).

The observation of dyshomeostasis of copper and other trace metals in the brain tissue of AD patients has
led to the development of a “Metal theory of Alzheimer’s Disease” (140). It is worth noting that
homeostatic changes in mitochondrial function and associated trace metals concentrations are normal in
old age; however, the dyshomeostasis that was observed was between AD patients and age- and sex-
matched control groups (141). Despite the attention that this theory has received, it has been noted that
there are concerns about the analytical methods used to quantify metals and that there is a heavy citation
bias in the literature in favor of positive results (142). The need to for better understanding of the role of
metals in the pathology of neurodegenerative diseases, and AD in particular, presents an opportunity for
the use of x-ray fluorescence spectrometry as a method of performing multi-elemental analysis of

cumulative exposure to these essential elements.
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Copper deficiency is rarely observed in humans and is generally associated with individuals receiving
total parenteral nutrition, excessive zinc supplementation, or long-term peritoneal dialysis (10). Excessive
or inadequate copper retention at the cellular level may occur in individuals suffering from one of two
recessive genetic disorders: Wilson’s Disease (WD) and Menkes Disease (MD), respectively. A review of
the global prevalence, symptoms and pathology of WD was given by Mak and Lam (143). Measurement
of hepatic copper has been indicated in the diagnosis of WD (144). A review of the pathology of Menkes

disease is given by Mercer (145).

1.7 Aims of this work

The primary aim of this work is to develop a non-destructive method for multi-elemental quantification of
manganese, iron, copper, zinc and lead in surface dental enamel using EDXRF. This included optimizing
the measurement parameters of the EDXRF system and developing reliable data fitting routines for
overlapping peaks for Mn and Cr, as well as spectral artifacts such as sum peaks, silicon escape peaks,
and Bragg diffraction peaks. This multi-elemental approach enables the investigation of relationships

between metals in surface enamel.

A secondary aim of this work is to investigate enamel as a biomarker for exposure to manganese and iron
because complete data regarding exposure pathways to these elements have been collected as part of a
larger study involving the children in this work (47).

Criteria for the establishment and validation of a biomarker of exposure, and more generally, of cause and
effect in occupational and environmental health, are given by Hill (146). One of these criteria is the
establishment of a dose-effect relationship. Donald Smith and colleagues (23) present this requirement in

the context of manganese exposure, suggesting that “biological markers of exposure should reflect an
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integration of the internalized dose over time.” The ability of tooth enamel to reflect the integration of
dietary and tap water sources of iron and manganese was investigated by correlations of estimated oral
intakes with measured concentrations of manganese and iron in enamel.

Further information regarding each child was collected including their age, sex, and height, as well as
pertinent information regarding the duration that they lived in the households where tap water and dietary
data were collected. Parametric and non-parametric analysis of all trace metal concentrations compared
with specific neurological outcomes including Santa Ana dexterity test scores and Weschler Abbreviated

Scale of Intelligence (WASI) test scores were also investigated.
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Chapter 2

Methods

2.1 Study design and recruitment

This work is part of a larger study of the effect of low levels of exposure to Mn through drinking water
sources that was carried out by Dr. Maryse Bouchard and colleagues (47). Municipalities in southern
Quebec with groundwater aqueduct water supply were considered for participation in the study. Eight
municipalities were chosen in order to achieve a gradient of exposure to Mn from groundwater.
Recruitment of children was carried out by explaining the study to principals and school teachers of
schools in the municipalities who agreed to distribute recruitment letters to children’s families. The
response rate of families was 60% and the participation rate of families was 52%. Of the 362 children
who participated in the study, 80 children donated a total of 180 teeth for analysis. Ethical approval was

obtained from The Human Research Ethics Board of the Université du Québec a Montréal for this work.

Measurements of pathways of exposure to manganese included tap water and dietary intakes. Tap water
measurements were performed on 50 mL water samples using inductively coupled plasma-mass

spectrometry (ICP-MS). Parents of each of the children answered interview questions that were used as a

25



basis for estimating monthly intakes of tap water. Estimates of dietary manganese intake were made by an
orally administered semi-quantitative food frequency questionnaire. Intelligence quotients (1Q) of each
child were measured by a Weschler Abbreviated Scale of Intelligence (WASI) test assessment (147).
Manual dexterity was measured by Santa Ana dexterity tests of both dominant and non-dominant hands.
Santa Ana tests evaluate the ability of a subject to turn pegs 180 degrees successively during a 30 second
period. The test evaluates dexterity and visuomotor coordination in both the dominant and non-dominant

hands.

Hair was investigated as an indicator of exposure to manganese by Dr. Bouchard and colleagues. Hair
manganese quantification was carried out using ICP-MS. Our lab was contacted with a request to perform
non-destructive quantification of manganese in the teeth collected from participants in this work. In
addition to developing a method for in situ quantification of manganese, other elements that may be
related to manganese metabolism and/or neurotoxicity were also considered. Further elements, such as
chromium and strontium, are visible in the spectrum of the teeth but are not known to be directly related

to manganese neurotoxicity or to the manganese metabolism, and were therefore not quantified.

Each of the teeth measured in this study were delivered by mail with approval from the research ethics
board of Ryerson University (REB#: 2008-106-2). Along with the teeth, information was sent including
the type of tooth and the condition of the tooth (presence/absence of fragmentation, wear, cavity, filling,
tarter, root and/or caries). Teeth removed from the envelopes were handled with powder-free nitrile

gloves (VWR, Radnor, PA, USA).

In total, 180 teeth were donated by 80 children who participated in this work. There were two teeth that
were excluded from the statistical analysis due to fillings that were present in the tooth that made analysis
of the enamel impossible. Each of the children who donated these teeth had also donated others, so in the
analysis, 178 teeth were included from the 80 children who participated. A summary of the teeth that

were measured is given in Table 2.1.
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Table 2.1: Summary of the teeth measured

Cases
Valid Missing Total
Tooth type N Percent N Percent N Percent
Incisor 45 100.0% 0 0% 45 100.0%
Canine 46 100.0% 0 0% 46 100.0%
Molar 87 97.8% 2 2.2% 89 100.0%

It is important to note that there is a sampling bias in the teeth that were measured in this work. Older
children generally donated molars, presumably because their incisors and canines had fallen out before
they were contacted regarding this study. On the other hand, younger children generally donated incisors
and/or canines. This makes sense considering that deciduous molars are the last of the dentition to be
shed. Consequently, statistical analyses in this work had to account for age as a covariate in linear

regression models, particularly for metrics such as height and manual dexterity tests.

2.2 Experimental setup

A previous, custom EDXRF system for the quantification of strontium in tooth enamel used iodine-125
brachytherapy seeds as an excitation source with a Si(Li) detector at a 180 backscatter geometry (148).
The experimental setup in this work used an S2 Ranger (Bruker AXS, Madison, USA) EDXRF system
with a 40 kV palladium anode x-ray tube as an excitation source with a silicon drifted detector (SDD) at a
90’ geometry to the excitation source. The SDD had an energy resolution of 130 eV at 5.9 keV (Mn-Ka).
A 500 um aluminum filter was used to remove low energy photons from the excitation source. The tube

current was optimized to maintain a count rate of approximately 5x10* counts/s and a dead time of
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approximately 5%. The tube current was maintained at 1250 pA, giving the tube a total power output of

approximately 50 W. A schematic of the experimental setup is shown in figure 2.1.

Mylar cu
m Prolene
film

Incident x-rays
500 um Al filter:

40 KV Palladium
x-ray tube

haracterlstlc X-rays

SlllCOIl Drift
Detector

Figure 2.1: Experimental setup used for the quantification of trace metals in deciduous dental enamel

Each tooth sample was placed between two sheets of 4 um thick Prolene® film (Chemplex Industries,

Palm City, USA) across the bottom of the sample cup with its buccal surface at 45 to the excitation beam

and detector, respectively. For teeth that fragmented during transit in the mail, the fragment containing the

largest intact portion of the buccal surface enamel was used for the analysis. Each tooth sample was run in

triplicate for 3600 s live time under high vacuum conditions to gather spectra for analysis. During the run

time of each sample, the Mylar cup was rotated in the horizontal plane.

The critical depth of measurement---the depth from which 99% of the fluorescent signal is collected---

was estimated for each of the elements using the following formula (149):

teritical =

CSC( )ulp + CSC(4):utp
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where y; is the mass attenuation coefficient of hydroxyapatite for the incident excitation beam, y; is the
mass attenuation coefficient of hydroxyapatite for the characteristic x-ray and p is the density of dental
enamel (3.15g/cm®). The approximate critical thicknesses are given in table 2.2. The value of the critical
thickness should not be misinterpreted as a thickness that is measured homogeneously since

approximately 90% of the measured signal comes from the outer 50% of the critical thickness (149).

Table 2.2: Critical thickness of XRF measurements
in tooth enamel

Characteristic

Element X-ray energy t-critical (um)
(keV)
Calcium 3.7 20
Manganese 5.9 28
Iron 6.4 34
Copper 8.0 64
Zinc 8.6 73
Lead 12.5 140

2.3 Spectral analysis

Quantification of trace elements is carried out by fitting gaussian curves to the photopeaks of analytes
present in the sample. Accuracy of curve fitting depends on having an accurate model that accounts for
background radiation and spectral artifacts as well as photopeaks. Spectral artifacts that are present in the

spectra of dental enamel include silicon escape peaks, sum peaks, and Bragg diffraction peaks.

Silicon escape peaks are caused by photoelectric absorption of characteristic x-rays from the sample near
the entrance of the SDD. When this occurs, the Si-Ka photon that is emitted may escape the detector,
causing the pulse height to be measured approximately 1.74 keV lower than the incident photon. Sum

peaks are caused by two photons entering the detector simultaneously and being detected as a single
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photon with an energy equivalent to the sum of the two incident photons. Finally, Bragg diffraction peaks
in HAp are caused by the repetitive pattern of the second nearest neighbor bonds between calcium-1 and

oxygen atoms in the HAp lattice (0.28 nm). The Bragg condition for constructive interference is

An = 2dsin(¢) (2)

where n is an integer, A is the photon wavelength, d is the bond length (0.28 nm), and ¢ is the photon
angle of incidence (% rad). All artifacts and photopeaks are modeled as gaussian curves. Photopeaks and

artifacts are shown in figure 2.2.
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Figure 2.2: a) The complete energy spectrum of a tooth sample analyzed in this work with peaks labeled.
Phosphorus-Ka and calcium- Ko escape peaks overlap at 2 keV. b) A cutout of the region between 4.5 and 11.5 keV
showing transition metals photopeaks and artifacts is shown. Bragg peaks are at 6.3 and 9.4 keV. Escape peaks of Cu
and Zn are centered at 6.3 and 6.9 keV, respectively. Photopeak energies were taken from the National Institute for

Standards and Technology (NIST) X-ray Transition Energies Database (150). The background was modeled as
constant between 5-7 keV (Mn and Fe). Cu and Zn were fit separately with a background that was linear between 7.5
and 9 keV. Pb was fit separately with a linear background between 10.2 and 10.8 keV for Lo, and 12.2 and 12.8 for

Lp.
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Since gaussians are non-linear functions, it was necessary to use non-linear least squares for the curve

fitting. The methods used have been described elsewhere (151, 152).

The general non-linear model for n observations (x;,y;), i = 1,2, ..., n, with a functional relationship f,

is

yi=f(x;;0") + E; 3)

where
E; represents a stochastic error (detector noise) with E[E;] = 0,
f (x;; @) represents the deterministic underlying model (photopeaks, artifacts, background), and
the true value 8* of @ is known to belong to @, a subset of R (the parameter space).

The proper estimation procedure depends on the errors, E;, which are assumed to have the following form

E;= f(x;0")g; (4)

where
& = 1/2 for Poisson noise and
g; are identically distributed random variables with zero mean and finite variance 2.

The least squares estimator 8 is obtained by finding the global minimum of the error surface

" (5)
COW) = ) wil¥; = fxis OO
i=1
where
-t (6)
T Fe
Then
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D)

argmin C(0|Y)
)

The optimization in equation (7) was carried out using a weighted non-linear least squares method that

employed the Levenberg-Marquadt algorithm (153, 154) in MATLAB. The specific model for k

gaussians with a constant background (6,) is given by

k-1
(0= 05+ ) Ospzexp
n

=0

[_(xi - 03n+3)2
2

203n+4—

(7)

(8)

The convexity of the error surface was tested with randomized initial estimators @ that searched for local

minima on the error surface. A multistart algorithm initialized with 200 different vectors containing

random values for all parameters consistently converged on the same solution, suggesting that the error

surface of this model in convex.
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Figure 2.3: A 2-dimensional error surface for over-lapping Mn and Cr peaks. For visual
representation of the convexity of the error surface, all parameters other than Mn and Cr peak
heights were fixed.
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The global minimum on the error surface does not necessarily correspond to the physical reality in the
sample, however. Noise in the detector can cause fluctuations on the error surface that result in non-
physical results if parameters such as the Ko/Kf intensity ratio of analytes are not fixed. To show this,
synthetic data sets were created using a method described in Numerical Methods in C++ (155). Figure 2.4
shows the optimization of five synthetic data sets that were created with the same deterministic model
containing overlapping Cr-Kp and Mn-Ko peaks with the addition of stochastic Poisson noise to mimic
that of the detector. Since the Ko/Kp intensity ratio of Cr was not fixed, fluctuations in noise caused

important differences in parameter estimation, shown in figure 2.4.
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Figure 2.4: Plots showing unconstrained optimization of over-lapping gaussian peaks. The upper
plot shows the deterministic model of Mn-Ka (red) and Cr-Kp (blue) peaks. The Cr-Ka peak
cannot be seen due to overlap by the overall fit line. The lower plot shows the results of fitting
five plots with different stochastic noise.
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However, if the Ko/Kp intensity ratio of Cr is fixed at the physical value of 7.3 given by Rebohle and
colleagues (156) and the optimization is constrained within a physically plausible parameter space, the
outcome is a more accurate and precise estimation of parameters. This constraint of the Ka/K 3 peak areas
[(heightxwidth)a/(heightxwidth)p] is set as a n1incon M-file that is called by the fmincon solver in
MATLAB. Alternatively, the 1sgqnlinfit can be used if the height of the K peak height is modeled
as being 0.1369xCr-Ka peak height with box constraints around both the peak height and peak area of
the Cr- KB. Figure 2.5 shows the same model and noise that as is shown above in figure 2.4, but with the

Ko/Kp intensity ratio of Cr fixed in the fitting routine.
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Figure 2.5: Plots showing the results of constrained optimization of over-lapping gaussian
peaks. The bottom plot shows the results of the fitting of five data sets with stochastic noise.
The reduction of fluctuations in parameter estimates is clearly visible and the accuracy of
the fits compared to the model in the upper plot of figure 2.4 can be seen also.

35



2.4 Hydroxyapatite calibrators and figures of merit

Calibration of the EDXRF system used in this work was carried out with novel hydroxyapatite (HAp)
calibrators that were developed for the purpose of quantifying trace metals in calcified tissues (157). The
preparation of synthetic HAp also enabled the development of calibrators that were free from impurities

that can be detrimental to the determination of analytical figures of merit of a system.

Figures of merit for the EDXRF system that was used include limits of detection (LOD) and analytical
sensitivities for various analytes. LODs are based on true blank calibrator measurements that are matrix-
matched to the sample, but contain none of the analyte. The limit of detection is taken as the
concentration of analyte that generates three times the standard deviation (36) of repeated measurements
of a blank calibrator (149).Triplicate measurements of a true blank calibrator were run under the same
experimental conditions described above. LODs are shown for each of the analytes in table 2.3. The
analytical sensitivity is the net change of the photopeak area of an analyte per unit concentration change
of that analyte (158). The R? value represents the closeness of the data points of the calibration curve to

the line that is fit to the data and the intercept is simply the y-intercept of the calibration line.

Table 2.3: Figures of merit for the EDXRF measurement of divalent metals in
tooth enamel

Limit of Analytical

Element detection sensitivity Intercept

(ppm) (ppm's™) (unitless) R
Manganese 1.6 7.9 10™ 0.99
Iron 6.5 6.7 10" 0.98
Copper 1.8 2.3 10 0.98
Zinc 1.7 2.6 -10" 0.97
Lead 0.6 9.4 108 0.87+

+RZ value for Pb-Lo was 0.98, however, because it can potentially overlap with As in samples,
Lp was used instead.
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The high analytical sensitivity of iron and manganese suggests that there may be some secondary
excitation of these elements in the sample. Sensitivity is increased by having a higher fraction of
excitation photons at, or slightly above, the absorption edge of the analyte. It may be possible that x-ray
diffraction in the sample caused secondary fluorescence in the sample or in the housing of the detector.
However, the R? values of 0.99 and 0.98 suggest that the response of the manganese and iron signals

increase linearly with increasing concentration.

The R? value of lead at the Lp line was 0.87. There were several challenges inherent to the analysis of the
L-series of lead in HAp. Firstly, the Pb-La (10.5 keV) overlapped completely with arsenic (As) Ka. This
peak overlap makes it impossible to attribute the source of a gaussian signal at 10.5 keV directly to Pb.
Secondly, when the excitation source is incident at 45 to the c-axis of the HAp crystal, a Bragg diffraction
peak will directly overlap with Pb- L (12.5 keV). Bragg diffraction is minimized by rotating the sample
but cannot be completely eliminated. A third analytical challenge for the L-series of Pb was the high
background at 10.5-12.5 keV. This background could not be reduced by a Cu filter over the x-ray tube
excitation source because a medium-Z filter would significantly reduce the analytical sensitivity of the
lower-Z elements Mn and Fe. As a result of necessary compromises for the multi-elemental method, the

guantification of Pb is accompanied by a higher level of uncertainty than the other analytes in this work.

Analyte concentrations were extracted using the ratio of analyte signal intensity to calcium signal
intensity (ie. calcium normalization). The use of an internal standard for in situ measurements in EDXRF
analysis corrects for surface irregularities in samples relative to the flat surface of the calibrator, assuming
that the analyte distributes similarly to the standard in the sample (149). Calcium normalization has
previously been used for quantification of trace metals in teeth using XRF spectrometry (148, 159-161)
and other analytical methods (26, 107, 112). Variations in calcium content of samples represent a source
of uncertainty in EDXRF measurements of enamel. Zaichick and colleagues quantified the calcium
content of intact deciduous teeth to be 38.9 + 1.1% (162). Therefore, variations in calcium content are

estimated to contribute to an uncertainty of approximately 6% of all analytes.
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An additional source of uncertainty is heterogeneity of analytes within the sample. However, since this
method employs a broad excitation beam and the sample is rotated in the horizontal plane during the

measurement, the effect of heterogeneity is minimized.

The mean relative standard deviation (RSD) of the analytical curve fitting between triplicate sample
measurements of Mn, Fe, Cu, Zn and Pb were 7.4%, 6.7%, 6.5%, 2.1% and 32%, respectively. The RSD
of Zn measurements in this work is an improvement on the EDXRF method of Zaichick and colleagues,
which had an RSD of 9.4% for Zn (161). Although Zaichick and colleagues quantified Pb in the same
work, they did not report the RSD or uncertainty of Pb measurements, nor did they factor heterogeneity of
Zn within samples into the uncertainty estimate (161). The relative standard error (RSE) of each

measurement of Mn, Fe, Cu, Zn and Pb were 4.3%, 3.9%, 3.8%, 1.2% and 18%, respectively.

Considering heterogeneity within samples and variations in the calcium content of teeth (systemic

uncertainty), and the RSE of measurements (statistical uncertainty), the quantitative results of this work
should be considered in the context of measurement uncertainty that may be as high as 20% for Mn, Fe,
Cu and Zn, and as high as 40% for Pb. For example, this means that the true value of a [Pb] should fall

within the range of + 40% of the stated [Pb], 95% of the time (20).

Increasing the number of measurements of a given sample would reduce the RSE, thereby decreasing the
statistical uncertainty. However, systemic uncertainty is inherent in each sample and could only be
reduced by accurately measuring calcium concentrations within the critical depth of measurement for Ca

in each sample.

Other methods for quantification of trace elements in tooth enamel include proton-induced x-ray
excitation (PIXE), LA-ICP-MS, and XRF using synchrotron light source excitation. Unfortunately, it is
difficult to determine the uncertainty of many methods in the literature as they are often unreported. For

XRF measurements using synchrotron light source excitation, uncertainty for all elements, regardless of
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their concentrations, was estimated to be 15% (159, 160). Uncertainty for quantification using PIXE was

reported to be approximately 20% by Ahlberg and colleagues (163).

LA-ICP-MS measurements of teeth were calibrated with a single point NIST Bone Meal (SRM 1486)
calibrator, and the accuracy of the method was quoted as £20% (164). The content of calcium in NIST
Bone Meal is 26.58 + 0.24% (w/w), whereas the content of calcium in hydroxyapatite is 39.89% (w/w).
That gives a 33% difference in the concentration of internal standard of the calibrator and the primary
component of the sample being measured. Furthermore, there was no test of precision by repeated
measurements of low concentration analytes in any aforementioned methods, nor was there validation

using a secondary method.

2.5 Statistical treatment of data

All statistical analysis of data was carried out using SPSS version 17. Shapiro-Wilk tests were used to
show that all of the data regarding concentrations of analytes in teeth were non-normally distributed.
Kruskal-Wallis tests were used as a substitute for one-way ANOVA as a non-parametric test for
comparing median values of concentrations in different types of teeth (incisor, canine, molar).
Correlations between analyte concentrations were carried out using Pearson’s r (parametric), Spearman’s
p (non-parametric) and Kendall’s T (non-parametric) tests. Where correlations were found, linear
regression analyses using appropriate covariates were performed to ensure that results were unbiased. All

tests of hypotheses were two-tailed.
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Chapter 3

Results and discussion

3.1 Manganese

Descriptive statistics for manganese in children’s tooth enamel are shown in Table 3.2. The range of
enamel-[Mn] in this work show close agreement with values measured in teeth by Oprea and colleagues,
who found enamel-[Mn] ranged between 9.2-130 ppm (165). Some smaller samples in the literature had a
more narrow range of values (159, 160). However, the mean value in this work of 29 ppm falls between
the mean values in the two studies cited. It must also be noted that the method for quantifying Mn in
enamel in these two studies used a synchrotron x-ray beamline with cross sections of molars. The scan of
the x-ray beam measured the molar enamel between the occlusal surface and the dentine (159), which is
not the same site of measurement as was used in this study. The average relative standard deviation

between teeth donated from the same child was 23.3%.

Table 3.1
Descriptive Statistics of Mn in tooth enamel
Number of
samples Minimum  Maximum Mean Variance
178 8 ppm 109 ppm 29 ppm 231 ppm?
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The distribution of measured enamel-[Mn] is shown in figure 3.1 to have a tail in the distribution at

higher concentrations. The non-normality of the data was confirmed with a Shapiro-Wilk test (p < 0.001).

The average enamel-[Mn] across all of the teeth donated by each of the 80 children participating in this
work was calculated. Similarly to the individual teeth, the distribution was shown to be non-normal (W =

0.79, p < 0.001) with a tail at higher concentrations of manganese.
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Figure 3.1: Histogram showing the distribution of manganese concentrations of all teeth
measured in this study

A Kruskall-Wallis test confirmed that incisors have a higher concentration of manganese than canines and
molars (p < 0.001). This resulted in a different approach to the analysis of enamel as a biomarker because
not all children participating in this work donated the same number and same type of teeth. Separate
regression analyses were performed for incisors, molars, canines, all teeth, and the average
concentration for each child. As a cautionary note, it should be stated that this approach violates the
assumption of independent samples that underlies regression analysis. However, since the maximum

number of teeth donated by a single child is five (mean = 2.2), the influence of the failure in the
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assumption should not be important. On the other hand the failure in normality implies that the reported
p-values may not be accurate. The boxplot in figure 3.2 shows the concentrations of three different tooth

types: incisors, canines and molars.
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Figure 3.2: Boxplot showing the concentration of manganese for incisors, canines and
molars. A Kruskal-Wallis test showed that at least one group had a median that was
significantly different from the population median (p < 0.001). The median value is
depicted as a black line in the center of the box. The second and third quartiles are the
boxes on either side and the first and fourth quartiles are depicted by the whiskers below
and above the boxes. Outliers are shown as points outside of the whiskers.

3.1.1 Relationships between manganese in enamel and exposure pathways

Divalent manganese ions have been shown to substitute for calcium in hydroxyapatite (166). To
investigate the possibility of manganese substituting for calcium in erupted tooth enamel, a linear
regression of the concentration of manganese as a function of the estimated dietary and tap water intakes
of [Mn] was undertaken. Non-parametric (Spearman’s rho and Kendall’s tau) and parametric (Pearson’s

r) tests were used to investigate correlations between Mn intake and enamel-[Mn].
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Linear regression showed that in all teeth that were measured, there was a weak positive correlation

between dietary-Mn and enamel-[Mn]. This result may reflect the exchange of ions at the surface of

enamel while a child is exposed to Mn from eating/drinking. It is interesting that the correlation of

enamel-[Mn] and dietary-Mn was strongest among incisors. Furthermore, these teeth also have

significantly higher enamel-[Mn] than canines and molars (Kruskal-Wallis, p < 0.001).

Table 3.2: Correlations of enamel-[Mn] and dietary-Mn

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.27 0.07 0.3 0.39 0.16 0.14 0.29** <0.001 0.33**  0.002
Spearman’s p  0.31* 0.04  0.03 0.82 0.06 0.56 0.22** 0.004 0.30**  0.007
Kendall’s 0.23* 0.03  0.00 0.99 0.04 0.61 0.14** 0.006 0.21**  0.007

*Significant at p < 0.05
**Significant at P < 0.01

Non-parametric tests found a significant weak correlation between incisor-[Mn] and dietary-Mn

consumption. Correlation coefficients are shown in Table 3.3. Linear regression showed no significant

correlation between dietary-Mn and incisor-[Mn]. This can be observed by realizing that the hypothesis of

B = 0 cannot be rejected at a significance level of 0.07. The linear regression line is shown in figure 3.3.

There were no non-parametric correlations observed between canine- or molar-[Mn] dietary-Mn. Linear

regression showed no significant correlation between dietary-Mn and canine-[Mn].
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Figure 3.3: A linear regression line showing the relationship between manganese in
incisor-[Mn] and dietary-Mn. Confidence intervals at the 95% level are shown above and
below the regression line. Associated statistics are shown in table 3.3

Non-parametric tests found a significant weak correlation between all teeth-[Mn] and dietary-Mn. Linear
regression showed significant correlation between dietary-Mn and all teeth-[Mn]. However, data were
not normally distributed so this regression should be considered with knowledge that assumptions of

normality are violated. The linear regression of all teeth-[Mn] and dietary-Mn is shown in figure 3.4.
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Figure 3.4: A linear regression line showing the relationship between manganese in all
teeth-[Mn] and dietary-Mn. Confidence intervals at the 95% level are shown above and
below the regression line. Associated statistics are shown in table 3.3
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Non-parametric tests found a significant weak correlation between the average-[Mn] across all teeth
donated by each child and the dietary-Mn of each child as is shown in Table 3.3. Linear regression
showed significant correlation between dietary-Mn and the average-[Mn] in all teeth from each child that
participated. The hypothesis of f = 0 can be rejected at a significance level of 0.002. The linear

regression line is shown in figure 3.5.
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Figure 3.5: A linear regression line showing the relationship between manganese in
average-[Mn] measured tooth enamel of each child and dietary-Mn. Confidence intervals
at the 95% level are shown above and below the regression line. Associated statistics are
shown in table 3.3

Tap water-Mn consumption estimates were made for each of the children in this work. Correlation data

for tooth measurements and estimated tap water consumption are shown in table 3.4.
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Table 3.3: Correlations of enamel-[Mn] and tap water intake of Mn

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.49**  0.001 -0.02 0.89 -0.09 041 031** <0.001 041** <0.001
Spearman’sp  0.14 0.35 0.01 0.96 0.13 023 0.14 0.07 0.19 0.10
Kendall’s 1 0.09 0.38 -0.01 0.94 0.09 0.22 0.10 0.06 0.12 0.11

*Significant at p < 0.05

**Significant at P < 0.01
Non-parametric tests did not show significant correlation between incisor-[Mn] and tap water Mn
consumption. Linear regression showed significant correlation between tap water intake of manganese
and incisor-[Mn]. This correlation may be the result of very few children with high manganese intake
from tap water having high enamel-[Mn]. The results of this regression may be unreliable because overall
the data are not normally distributed.
There were no correlations observed between canine- or molar-[Mn] and tap water intakes of Mn. Linear
regression showed no significant correlation between tap water intake of manganese and canine-[Mn],
therefore the null hypothesis of f = 0 cannot be rejected.
Non-parametric tests did not show a correlation between all teeth-[Mn] and tap water Mn consumption at
level < 0.05. However the p-values observed, 0.06 and 0.07, are close enough to suggest a possible
correlation between these variables. Linear regression showed a significant correlation between tap water
intake of manganese all teeth-[Mn]. The results of this regression may be unreliable because overall the
data are not normally distributed. However the p-value is small enough to lead to rejection of no-

correlation even under these violations.
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Figure 3.6: A linear regression line showing the relationship between average-[Mn] in all
measured tooth enamel from each child and tap water intake of Mn. Confidence intervals
at the 95% level are shown above and below the regression line. Associated statistics are
shown in Table 3.4.

Non-parametric tests did not show a correlation between the average-[Mn] in teeth donated by the same
child and tap water Mn consumption. The p-values of the non-parametric tests are low (0.10 and 0.11)
and indicate that there is a possibility of a relationship between Mn in tap water and enamel-[Mn].
Furthermore, linear regression showed a significant correlation between tap water intake of manganese
and average-[Mn] in all children measured. However, the results of this regression may be unreliable
because overall the data are not normally distributed. The linear regression line is shown in figure 3.6.
Many of the children participating in this work had recently moved to the location that they lived in while
tests were taken and their dietary intake was estimated, potentially creating bias. To account for this,
correlations were measured excluding children who had not been living in the same location for a

minimum number of months, shown on the x-axis of figure 3.8.
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Figure 3.7: Correlation coefficients of dietary-Mn and enamel-[Mn] as a function of the
duration at current residence. All data points correspond to p < 0.01 except for those with
marked *. Legend entries r, Rho, and Tau correspond to the Pearson, Spearman and Kendall
correlation coefficients, respectively. The number of samples decreases with increasing
minimum time spent living at the current residence as children who moved more recently are
excluded.

The sample population was divided into two groups: one that had been living in the residence that the
dietary and tap water intake estimates had been performed for more than five years, the other had moved
into the current residence within the last five years. Mann Whitney and Wilcoxon Rank Sum tests were
performed to look for significant differences between the two groups. However, no significant difference

was observed (p = 0.46).

Figure 3.8 shows an increasing trend in Mn correlation as a function of the minimum time spent living in
the same location. To the author’s knowledge, this work is the first investigation of an exposure-effect
investigation between dietary manganese and [Mn] in tooth enamel. There is interest in archeology in
non-destructive quantification of trace metals in calcified tissue with the aim of gaining insight into

dietary habits of pre-historic humans (159).
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Although the results or the current work show a weak correlation, they may provide some information
about the differences in trace metals that have been observed in previous, population-based investigations
(160). Pinheiro and colleagues have observed increases in the concentration of strontium (Sr) and
bromine (Br) of a fisherman relative to the [Sr] and [Br] of a miner from the same region, which was
hypothesized to result from a diet rich in fish (167). Conversely, the miner had elevated levels of [Zn] and
[Pb] in his teeth, which was suggested to originate from occupational exposures to these metals (167).
The current work shows that dietary-Mn correlates weakly with enamel-[Mn] (p < 0.01). Although there
may be a very weak correlation between tap water Mn and enamel-[Mn], the p-value associated with the
Spearman correlation (p = 0.10) suggests that our confidence in this assertion should be low. This makes
sense considering the median tap water Mn ingested was 6.5 pg/kg/month compared to 2100 ug/kg/month

dietary-Mn.

3.1.2 Relationships between manganese and children’s height

Manganese may affect normative development of calcified tissues although the mechanisms of action
have not been clearly defined. Manganese has been shown to increase alkaline phosphatase activity both
in vitro (168) and in vivo (169), suggesting a positive role in the development of bone tissue. Conversely,

manganese is has been shown to inhibit the formation of hydroxyapatite crystals (166).

Relationships between Mn and growth outcomes have been investigated. Age was included as a covariate
in a linear regression model to avoid biasing the results. Correlation coefficients between enamel-[Mn]

and children’s height are shown in Table 3.5.
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Table 3.4: Correlations of enamel-[Mn]and height

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.00 0.99 -0.19 0.21 -0.14 0.20 -0.31** <0.001 -0.41** <0.001
Spearman’sp  -0.12 0.43 -0.20 0.18 -0.17 012 -0.33** <0.001 -047**  <0.001
Kendall’s t -0.10 0.36 -0.11 0.28 -0.12 012  -0.23** <0.001 -0.34** <0.001

*Significant at p < 0.05
**Significant at P < 0.01
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Figure 3.8: A linear regression line showing the relationship between manganese in all
teeth enamel and the children’s height. Confidence intervals at the 95% level are shown
above and below the regression line. Associated statistics are shown in Table 3.5.

Linear regressions using age as a covariate showed that these data are somewhat misleading. The

standardized P for the regression without covariates was -0.31 (p < 0.001). However, using age as a

covariate in the model the standardized P coefficient was -0.05 (p =.24). It is interesting to note that

there seems to be a decreasing trend in enamel-[Mn] with increasing age as shown in figure 3.10.
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Figure 3.9: A linear regression line showing the relationship between average manganese
in all measured tooth enamel from the same child and the children’s height. Confidence
intervals at the 95% level are shown above and below the regression line. Associated
statistics are shown in Table 3.4.
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Figure 3.10: A linear regression line showing the relationship between average
manganese in all measured tooth enamel from the same child and the children’s age.
Confidence intervals at the 95% level are shown above and below the regression line.
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3.1.3 Relationships between manganese in enamel and neurological test scores

Manganese can cause neurotoxic effects in high quantities. Homeostatic mechanisms exist to control
intake of Mn, but these mechanisms may not be fully formed at birth and are subject to factors such as
iron status and genetics. Recently, low-level manganese-induced neurotoxicity in children has been

observed in several studies (45, 47, 48).

Relationships between Mn and neurological outcomes have been investigated. Age was included as a
covariate in a linear regression model to avoid biasing the results. Correlation coefficients between

enamel-[Mn] and children’s WASI IQ test scores are shown in Table 3.5.

Table 3.5: Correlations of enamel-[Mn] and full WASI 1Q test scores

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.06 089  0.32* 003 -0.14 0.21 0.00 1.00 -0.05 0.66
Spearman’s p  0.05 0.74 0.27 0.07 -0.15 0.15 -0.04 0.61 -0.05 0.54
Kendall’s © 0.02 085 0.20 0.06 -0.10 0.19 -0.03 0.59 -0.07 0.52

*Significant at p < 0.05
**Significant at P < 0.01

Non-parametric tests did not show significant correlation between [Mn] in any teeth and WASI 1Q test
scores. Although non-parametric tests did not show a correlation between canine-[Mn] and WASI 1Q test
scores, the p-values are small enough to consider a possible relationship. However, since the linear
regression showed no significant correlation between WASI 1Q test scores and all teeth-[Mn] or in the
average-[Mn] per child, this result may be an anomaly. Furthermore, the results of this regression may be
unreliable because overall the data are not normally distributed. The linear regression between canine

enamel and IQ test scores is shown in figure 3.11.
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Figure 3.11: A linear regression line showing the relationship between canine-[Mn] and
full WASI 1Q test scores. Confidence intervals at the 95% level are shown above and
below the regression line. Associated statistics are shown in Table 3.5.

To investigate the possibility of motor neuron function being affected by low level exposures to Mn, we
investigated the relationship between Santa Ana dexterity test scores and manganese concentrations.
Correlations between Santa Ana test scores for children’s dominant hand and manganese concentrations
are shown in table 3.6. Correlations between Santa Ana test scores for children’s non-dominant hand and
manganese concentrations are shown in table 3.7. Linear regressions between [Mn] and Santa Ana

dominant hand test scores are shown for all teeth in figure 3.12 and the average per child in figure 3.13.

Table 3.6: Correlations of enamel-[Mn] and Santa Ana dominant hand scores

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r -0.10 0.51 -0.07 0.64 -0.15 0.17  -0.25** 0.001 -0.37** 0.001
Spearman’s p 0.05 0.73 -0.10 0.52 -0.15 0.18 -0.23** 0.003 -0.34** 0.002
Kendall’s © 0.04 0.67 -0.07 0.48 -0.10 0.18 -0.16** 0.003 -0.24** 0.002

*Significant at p < 0.05
**Significant at P < 0.01
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The standardized B for the regression of all teeth-[Mn] without covariates was -0.25 (p = 0.001).
However, using age as a covariate in the model the standardized B was -0.08 (p = 0.24). This seems to be
related to a decreasing trend in enamel-[Mn] with increasing age as shown in figure 3.10. However, for
the average-[Mn] across each child, p decreased from -0.37 (p = 0.001) to -0.18 (p = 0.07) by the
addition of age as a covariate in the linear model, suggesting that there may be a relationship between

enamel-[Mn] and decreased Santa Ana test scores.

Hernandez-Bonilla and colleagues observed a similar decrease in Santa Ana test scores among children
exposed to environmental manganese that was not statistically significant (170). Similarly, there was no
significant trend in Santa Ana test scores within the gradient of exposures to Mn among workers at a
smelter in South Africa (171). However, the group of workers (n = 509) were found to have lower test

scores than a control group (n = 67).
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Figure 3.12: A linear regression line showing the relationship between all teeth-[Mn] and
Santa Ana dominant hand test scores. Confidence intervals at the 95% level are shown
above and below the regression line. Associated statistics are shown in Table 3.6.
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Figure 3.13: A linear regression line showing the relationship between average-[Mn] in
teeth from each child and Santa Ana dominant hand test scores. Confidence intervals at
the 95% level are shown above and below the regression line. Associated statistics are
shown in Table 3.6.

Table 3.7: Correlations of enamel-[Mn] and Santa Ana non-dominant hand test scores

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r -0.14 0.36 -0.12 0.44 -0.22* 0.04 -0.31** <0.001 -0.37** 0.001
Spearman’s p -0.09 0.55 -0.10 0.52 -0.19 0.08 -0.30** <0.001 -0.40** <0.001
Kendall’s © -0.05 0.64 -0.07 0.49 -0.13 0.08 -0.21** <0.001 -0.28** <0.001

*Significant at p < 0.05
**Significant at P < 0.01

Linear regression of [Mn] vs. Santa Ana non-dominant test scores using age as a covariate showed that
the data in table 3.8 must be interpreted with caution. The standardized [3 for the regression without
covariates was -0.31 (p < 0.001). However, using age as a covariate in the model the standardized § was
-0.12 (p = 0.04). This seems to also be related to the decreasing trend in enamel-[Mn] with increasing age
as shown in figure 3.10. However, for the average-[Mn] across each child, B was decreased from -0.37 (p

=0.001) to -0.18 (p = 0.07) by the addition of age as a covariate in the linear model.

56



[79) =
il it

Santa Ana test score

[
T

10—

0 20 40 60 80 100 120
Enamel [Mn] (ppm)

Figure 3.14: A linear regression line showing the relationship between all teeth-[Mn]
enamel and Santa Ana non-dominant hand test scores. Confidence intervals at the 95%
level are shown above and below the regression line. Associated statistics are shown in
Table 3.7.

(79 =
T I

Santa Ana test score

[
T

10

0 20 40 60 80 100 120
Enamel [Mn] (ppm)

Figure 3.15: A linear regression line showing the relationship between average-[Mn]
from each child and Santa Ana non-dominant hand test scores. Confidence intervals at
the 95% level are shown above and below the regression line. Associated statistics are
shown in Table 3.7.
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3.1.4 Relationships between manganese and other metals in enamel

There were correlations observed between most of the elements in this work. Some of this correlation is
likely due to variations in the internal standard (calcium) in the sample material. Some fluctuation in the
amount of calcium present in the enamel contributes to uncertainty of approximately 6% of the value of
analytes in the sample. However, manganese and iron are chemically similar and share many metabolic
pathways. There was a strong correlation observed between iron and manganese in our data (p = 0.74, p <
0.001). This seems to show that divalent Mn and Fe follow similar metabolic pathways to dental enamel.
Interestingly, it has also been shown that manganese exposure increases the concentration of both

manganese and iron in saliva (55).

Oprea and colleagues reported correlations between metals in dental enamel (165). The reported
correlations between [Mn] and other relevant metals were similar to those observed in this work (Table
3.8), descending in order of strength, [Fe] > [Cu] > [Zn]. Lead concentrations were not reported in their
study. Oprea and colleagues used logyo transformed concentrations and Pearson correlations, however,
while the current work relied on non-parametric tests. Overall, however, the results of manganese
guantification in the present work showed excellent agreement with earlier work by Oprea and co-

workers.

Table 3.8: Correlations of enamel-[Mn] and other metals

Elements
Iron Lead Zinc Copper
Correlation Statistic  p Statistic p Statistic p Statistic p
Pearson’s r 0.76** <0.001 0.42** <0.001 0.39** <0.001 0.37** <0.001

Spearman’s p 0.74** <0.001 0.31** <0.001 0.38** <0.001 0.64** <0.001
Kendall’s 1 0.55** <0.001 0.21** <0.001 0.25** <0.001 047> <0.001

*Significant at p < 0.05
**Significant at P < 0.01
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Figure 3.16: A linear regression line showing the relationship between manganese and
iron in all teeth. Confidence intervals at the 95% level are shown above and below the
regression line. Associated statistics are shown in Table 3.8.

Potential biomarkers for cumulative exposure to manganese include hair and bone. Tap water-Mn
consumption was found to correlate with [Mn] in children’s hair and also with lowered IQ test scores in a
sample of children that included those who participated in this work (p < 0.05) (47). However, the
Agency for Toxic Substances and Disease Registry (ATSDR) has noted several limitations to the use of
hair as a biomarker for health outcomes (172). Potential toxins such as Mn are known to incorporate into
hair from both endogenous and exogenous sources (24). Washing procedures for the removal of
exogenous Mn may also remove endogenous Mn (24). It has been noted elsewhere that the color of hair is
also related to hair-[Mn] (173). The manifold pathways of integration of Mn into both dental enamel and

hair make the comparison of the two sites as biomarkers difficult to interpret.

Investigations of bone-Mn using in vivo neutron activation analysis (IVNAA) have been performed at the

Occupational Nuclear Medicine Laboratory at McMaster University (20, 21). Welders who were exposed
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to airborne Mn occupationally showed an increased bone-[Mn] compared to control subjects (p < 0.05)
(21). That study conclusively demonstrated that the skeleton is a site of manganese accumulation during
long-term, occupational exposures to airborne Mn. The MDL of the IVNAA system, defined as the mean
uncertainty (20) of all subjects, was 2.1 ppm compared to 1.6 ppm (at 3¢ above background) in this work.
To date, there has been no investigation of the correlation between [Mn] in teeth ---which are part of the
skeleton--- and bone, although the development of the method described in the current work makes that a

possibility.

The success of finding a standard biomarker of cumulative exposure to Mn has been limited. Log adjusted
blood-[Mn] of bridge welders were found to have a positive correlation to estimated air exposures
(Pearson’s R = 0.40, p = 0.01, n = 39), but blood-[Mn] is known to reflect only recent exposures (23).
Hair-[Mn] has shown some correlations to Mn exposures and neurological outcomes, but more work is
needed to address problems related to sampling and washing of samples. Bone-[Mn] reflect long-term
occupational exposures, however, levels are often below the detection limit of the system, making
uncertainty significant. All teeth that were measured in this work were found to have concentrations
above the detection limit of 1.6 ppm. Enamel-[Mn] showed a significant weak correlation to the primary
known pathway of exposure to Mn; that is, dietary-Mn. Correlations were observed between enamel-[Mn]

and all other metals that were measured in the current work.
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3.2 lron

Descriptive statistics for iron in children’s tooth enamel are shown in Table 3.9. The range of enamel-
[Fe] is smaller than the range observed by Oprea and colleagues, which was reported to be 5.0 — 935 ppm
(165). Conversely, the range of values of the teeth observed in this work is larger than the range observed
in similar samples in the literature (159, 160). However, the sample size is also larger than the studies
cited. It must also be noted that the method for quantifying Fe in enamel used in these studies used a
synchrotron x-ray beamline with cross sections of enamel, so the portion of enamel measured was slightly
different, which could be the reason for the difference in iron concentrations reported here. The average

relative standard deviation between teeth donated from the same child was 24.3%.

Table 3.9
Descriptive Statistics of Fe in tooth enamel
Number of
samples Minimum  Maximum Mean Variance
178 34 ppm 356 ppm 147 ppm 3209 ppm?

The distribution of measured concentrations of iron in tooth enamel is shown in figure 3.1. There is a tail
in the distribution at higher concentrations. The non-normality of the data was confirmed with a Shapiro-

Wilk test (W =0.92, p < 0.001).
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Figure 3.17: Histogram showing the distribution of iron concentrations of all teeth
measured in this study. Shapiro-Wilk test (W = 0.92, p < 0.001).

The boxplot in figure 3.18 shows the iron concentrations of three different tooth types: incisors, canines
and molars. Similarly to Mn, incisors were found to have significantly higher concentrations of Fe than

canines and molars (Kruskal-Wallis, p < 0.001).
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Figure 3.18: Boxplot showing the concentration of iron for incisors, canines and molars.
A Kruskal-Wallis test showed that at least one group had a median that was significantly
different from the population median (p < 0.001). The median value is depicted as a
black line in the center of the box. The second and third quartiles are the boxes on either
side and the first and fourth quartiles are depicted by the whiskers below and above the
boxes. Outliers are shown as points outside of the whiskers.
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3.2.1 Relationships between iron in enamel and exposure pathways

Iron, like manganese, may substitute into enamel hydroxyapatite (71). To investigate the possibility of

iron substituting for calcium in erupted tooth enamel, a linear regression of the concentration of iron as a

function of the estimated dietary and tap water intakes of iron was undertaken. Similarly to Mn, non-

parametric (Spearman’s rho and Kendall’s tau) and parametric (Pearson’s r) tests were used to investigate

correlations between iron intake and iron concentration in incisor enamel. Table 3.10 and table 3.11 show

the correlation coefficients of these data. Unlike manganese, no significant correlations were found

between oral ingestion of iron and concentrations of iron in enamel. This may suggest that substitution of

Mn and/or Fe occurs from the saliva rather than the directly from dietary or tap water intakes, since

increased exposure to manganese is known to increase both [Mn] and [Fe] in saliva (174), and these two

elements are strongly correlated in enamel.

Table 3.10: Correlations of enamel-[Fe] and dietary-Fe

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.06 0.72 0.04 0.79 0.14 020 0.07 0.36 0.10 0.38
Spearman’s p  0.09 0.55 -0.04 0.77 0.11 0.30 0.08 0.29 0.18 0.10
Kendall’s 0.07 051 -0.03 0.79 0.09 0.23  0.06 024 0.12 0.10

*Significant at p < 0.05
**Significant at P < 0.01



Table 3.11: Correlations of enamel-[Fe] and tap water intake of Fe

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.02 0.89 0.02 0.92 0.10 0.36 0.11 0.16 0.10 0.39
Spearman’s p  -0.01 0.97 -0.04 0.78 -0.05 0.64 -0.03 071  0.13 0.26
Kendall’s -0.01 0.95 -0.06 0.60 -0.04 0.61 -0.02 0.68  0.09 0.26

*Significant at p < 0.05
**Significant at P < 0.01

3.2.2 Relationships between iron and children’s height

Iron deficiency may affect normative growth and development of calcified tissues, resulting in short
stature (10). Therefore, relationships between Fe and growth outcomes have been investigated. Table 3.12

shows correlation coefficients between enamel iron and children’s height.

Table 3.12: Correlations of enamel-[Fe] and height

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p

Pearson’s r 0.10 0.53 -0.29 0.05 -0.10 0.38 -0.31** <0.001 -0.35** 0.001
Spearman’s p  -0.14 0.38 -0.24 0.11 -0.14 0.19 -0.31** <0.001 -0.42** <0.001
Kendall’s -0.07 0.49 -0.18 0.09 -0.10 0.17 -0.22** <0.001 -0.28** <0.001

*Significant at p < 0.05
**Significant at P < 0.01

It is interesting to note that there is a bias in the samples that were collected from children in this work.
Older (taller) children who participated generally donated molars or canines, presumably because these
teeth had fallen out most recently. Additionally, their incisors likely fell out years before the family was

contacted to participate in the study. On the other hand, younger (shorter) children generally donated
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incisors, since their molars wouldn’t be shed naturally until they grow older. As a result, no individual

tooth type shows a correlation, but all teeth-[Fe] and average-[Fe] concentrations show a significant

correlation with the height of children in this study.
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Figure 3.19: A linear regression line showing the relationship between iron in all teeth
enamel and children’s height. Confidence intervals at the 95% level are shown above and
below the regression line. Associated statistics are shown in Table 3.12.

Linear regression of height as a function in all teeth-[Fe] using age as a covariate showed this bias in
sampling. The standardized [ for the regression without covariates was -0.31 (p < 0.001). However, using
age as a covariate in the model the standardized f was -0.05 (p = 0.20). Likewise, for the average-[Fe]

across each child, the standardized p was decreased from -0.35 (p = 0.001) to -0.08 (p = 0.19) by the

addition of age as a covariate in the linear model.
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Figure 3.20: A linear regression line showing the relationship between average-[Fe] in
each child’s teeth enamel and children’s height. Confidence intervals at the 95% level are
shown above and below the regression line. Associated statistics are shown in Table 3.12.

3.2.3 Relationships between iron in enamel and neurological test scores

Iron has the potential to induce neurotoxicity via oxidative stress in neuronal cells through Haber-Weiss-
Fenton reactions. Since tooth enamel has not been validated as a biomarker for cumulative iron exposure,
it is difficult to interpret results of any correlation (or lack of correlation). The presence of divalent iron in
surface enamel may not be an accurate marker of overall iron status. However, there is potential that it
can be used to measure increased divalent iron in the oral environment.

Significant negative correlations between molar [Fe] and WASI 1Q test scores were observed. A linear
regression model, with age as a covariate, had a p coefficient of —0.23 (p = 0.03), while the model

without covariates had a § coefficient of — 0.24 (p = 0.03), suggesting that age was not a confounder in

these measurements.
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Figure 3.21: A linear regression line showing the relationship between molar-[Fe] and
WASI 1Q test scores. Confidence intervals at the 95% level are shown above and below

the regression line. Associated statistics are shown in Table 3.13.

Table 3.13: Correlations of enamel-[Fe] and full WASI 1Q test scores

Cases

Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.06 068 0.14 0.36 -0.24*  0.03 -0.07 032 -0.07 0.53
Spearman’s p  0.05 074 0.14 0.37 -0.26*  0.02 -0.13 0.09 -0.17 0.14
Kendall’s 0.04 0.70  0.10 0.36 -0.18* 0.02 -0.09 0.07 -0.11 0.14
*Significant at p < 0.05
**Significant at P < 0.01
Table 3.14: Correlations of enamel-[Fe] and Santa Ana dominant hand scores

Cases

Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r -0.18 025 -0.23 0.12 -0.16 0.15 -0.29** <0.001 -0.39** <0.001
Spearman’s p  -0.10 053 -0.29 0.05 -0.25*  0.02 -0.32** <0.001 -0.40** <0.001
Kendall’s -0.05 0.63  -0.22* 0.04 -0.16 0.04 -0.22** <0.001 -0.28** <0.001

*Significant at p < 0.05
**Significant at P < 0.01
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Linear regression of Santa Ana test scores as a function of all teeth-[Fe] using age as a covariate was
performed. The standardized B for the regression without covariates was -0.29 (p < 0.001). However,
using age as a covariate in the model the standardized  was -0.12 (p = 0.06). Likewise, for the average-
[Fe] across each child, p was decreased from -0.39 (p < 0.001) to -0.23 (p = 0.02) by the addition of age

as a covariate in the linear model (fig. 3.23).

Santa Ana test score

0 100 200 300 400
Enamel [Fe] (ppm)

Figure 3.22: A linear regression line showing the relationship between all teeth-[Fe] and
Santa Ana dominant test scores. Confidence intervals at the 95% level are shown above
and below the regression line. Associated statistics are shown in Table 3.14.
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Figure 3.23: A linear regression line showing the relationship between average-[Fe] and
Santa Ana dominant test scores. Confidence intervals at the 95% level are shown above
and below the regression line. Associated statistics are shown in Table 3.14.

Table 3.15: Correlations of enamel-[Fe] and Santa Ana hon-dominant hand scores

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p

Pearson’s r -0.11 0.47 -0.31* 0.04 -0.10 0.36 -0.29** <0.001 -0.34** 0.002
Spearman’s p  -0.12 0.44 -0.44** 0.002 -0.18 0.10 -0.35** <0.001 -0.43** <0.001
Kendall’s t -0.07 0.49 -0.30** 0.004 -0.12 0.12 -0.23** <0.001 -0.29** <0.001

*Significant at p < 0.05
**Significant at P < 0.01

Linear regression of Santa Ana non-dominant test scores using, age as a covariate, are biased (Figure
3.24). The standardized B for the regression without covariates was -0.29 (p < 0.001). However, using age
as a covariate in the model the standardized § was -0.10 (p = 0.10). Likewise, for the average-[Fe] across
each child, B was decreased from -0.34 (p = 0.002) to -0.16 (p = 0.10) by the addition of age as a

covariate in the linear model (Figure 3.25).
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Figure 3.24: A linear regression line showing the relationship between in all teeth-[Fe]

and Santa Ana non-dominant test scores. Confidence intervals at the 95% level are shown
above and below the regression line. Associated statistics are shown in Table 3.15.
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Figure 3.25: A linear regression line showing the relationship between average-[Fe] and
Santa Ana dominant test scores. Confidence intervals at the 95% level are shown above
and below the regression line. Associated statistics are shown in Table 3.15.
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3.2.4 Relationships between iron and other metals in teeth

Iron was observed to correlate with most metals in this work. However, copper and iron are chemically
similar and share many metabolic pathways (135). There was a strong correlation observed between iron
and copper in our data (p = 0.81, p <0.001). This seems to show that divalent Cu and Fe follow similar
metabolic pathways to dental enamel. A literature review found no articles that correlate salivary copper
and iron. However, Oprea found the same patterns of correlation between metals as those observed in this

work: The strongest correlations to enamel-[Fe], in descending order, were [Cu], [Mn], [Zn] (165).

Table 3.16: Correlations of enamel-[Fe] and other metals in enamel

Elements
Manganese Lead Zinc Copper
Correlation Statistic  p Statistic p Statistic p Statistic p
Pearson’s r 0.76** <0.001 0.40** <0.001  0.47** <0001 048** <0.001

Spearman’s p 0.74** <0.001 0.35** <0.001 0.46** <0.001 0.81** <0.001
Kendall’s 1 0.55** < 0.001 0.24** <0.001 0.32** <0.001 0.67** <0.001

*Significant at p < 0.05
**Significant at P < 0.01

Oprea noted that concentrations of copper and iron were strongly correlated in both urban rural subjects
participating in their work. Interestingly, the concentrations of these two elements were highly increased
in urban participants, leading Oprea to suggest, based on environmental measurements made in earlier
work (175), that the source of the elevated [Fe] and [Cu] was industrial pollution (165). Concentrations of

zinc and arsenic were also elevated in enamel of subjects in urban areas (175).
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Figure 3.26: A linear regression line showing the relationship between copper and iron in
all teeth. Confidence intervals at the 95% level are shown above and below the

regression line. Associated statistics are shown in Table 3.16.
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3.3 Lead

Lead in surface enamel has been used as a biomarker for exposure for environmental lead (176). It has
been suggested that lead in saliva may be a pathway for lead to enamel, leading to cariogenesis (177). The
evidence for this claim is limited, however. The sample population used was an inner-city population,
lead exposures were low and dental health of the overall population was quite poor, with 83% of the
population having dental caries. A Brazilian study between a group that was environmentally exposed to
lead and a control group found that the exposed group had higher levels of lead in their saliva (p< 0.001)
and that there was a marginal, weak correlation between [Pb] in saliva and [Pb] in surface enamel (r =

0.38, p = 0.11) (178).

A study of blood-Pb, saliva-Pb, and surface enamel lead found that surface enamel was a biomarker of
pre-eruptive exposure to Pb circulating in blood (179). However, there was also a weak correlation
between saliva-Pb and enamel-Pb, suggesting that both pre-eruptive and post-eruptive sources of lead
exposure may contribute to lead levels in the surface enamel of teeth. It is interesting that these authors
had some experimental difficulties with the depth of measurement using an acid-etching technique.
EDXRF may be an ideal solution to address this problem, given that its experimental setup is somewhat

easier to keep consistent.

The range of values of the teeth observed in this work (Table 3.17) is larger than the range observed in
other samples available in the literature (159, 160, 180). However, the sample size in this work is larger
and its mean value is comparable to the work that used proton-induced x-ray emission spectrometry to
measure Pb in enamel of 77 deciduous tooth enamel samples (180). In comparison to lead concentrations
in a sample of 2613 deciduous whole teeth from children in Norway, where lead values were measured in
whole teeth, the range of lead values reported here is similar (98). The mean [Pb] in this work (8.4 ppm),

however, is higher than the mean of the Norwegian survey (1.60 ppm) but this may be expected because
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lead levels are generally higher at the surface enamel than at other parts of the tooth (113). The average

relative standard deviation between teeth donated from the same child was 58.7%.

Table 3.17: Descriptive Statistics of Pb in tooth enamel

Number of
samples Minimum  Maximum Mean Variance
176 <MDL 30 ppm 8.4ppm 39 ppm?

The distribution of measured concentrations of lead in tooth enamel is shown in figure 3.26. There is a tail
in the distribution at higher concentrations. The non-normality of the data was confirmed with a Shapiro-

Wilk test (W = 0.91, p < 0.001).
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Figure 3.27: Histogram showing the distribution of lead concentrations of all teeth
measured in this study. Shapiro-Wilk test (W =0.91, p < 0.001).

A Kruskall-Wallis test was used to determine that incisors have a higher concentration of lead than
canines and molars (p < 0.001) (Figure 3.28). Increased incisor-[Pb] have also been measured in incisor

dentin (109), whole teeth (108), and enamel (180).
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Figure 3.28: Boxplot showing the concentration of lead for incisors, canines and molars.
A Kruskal-Wallis test showed that at least one group had a median that was significantly
different from the population median (p < 0.001). The median value is depicted as a
black line in the center of the box. The second and third quartiles are the boxes on either
side and the first and fourth quartiles are depicted by the whiskers below and above the
boxes. Outliers are shown as points outside of the whiskers.

3.3.1 Relationships between lead and children’s height

Recent evidence suggests that early childhood exposure to lead may adversely affect bone development
and therefore on children’s height, even at blood-lead levels < 10ug/dL (181). However, in this work, no

significant correlations were observed between enamel-[Pb] and children’s height (Table 3.18).

Table 3.18: Correlations of enamel-[Pb] and height

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.05 0.74  -0.02 0.88  0.03 079 -0.13 0.09 -0.19 0.10
Spearman’s p  0.04 0.79 0.02 091 0.02 082 -0.11 0.16 -0.19 0.09
Kendall’s 0.04 0.73 0.02 0.83  0.02 0.80 -0.07 0.17 -0.12 0.11

*Significant at p < 0.05
**Significant at P < 0.01
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3.3.2 Relationships between lead in enamel and neurological test scores

Cumulative exposure to low levels of lead during early neurological development could result in
significant intellectual impairment (182). Deciduous dentin has been used as a biomarker for lead induced
neurotoxicity in children and was found to be a valid predictor of intellectual impairment in a follow-up

study 11 years after the original study (183, 184).

The work presented here did not detect any meaningful relationship between enamel-[Pb] and WASI IQ
test scores (Tables 3.19-3.21). There were high p-values in the t-tests in the linear regressions and the
Pearson correlations, and non-parametric tests (Spearman and Kendall) failed to detect correlations also.

This holds for all tooth types, controlling for age as well.

Table 3.19: Correlations of enamel-[Pb] and full WASI 1Q test scores

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.11 049  -0.15 033 0.01 094 -0.03 0.74 -0.06 0.60
Spearman’s p 0.02 089  -0.17 0.25 0.00 098 -0.07 0.40 -0.09 0.44
Kendall’s © 0.00 098 -0.13 0.23  0.00 092 -0.05 0.37 -0.06 0.44

*Significant at p < 0.05
**Significant at P < 0.01

Table 3.20: Correlations of enamel-[Pb] and Santa Ana dominant hand scores

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r -0.05 0.77 0.02 090 013 023 -0.04 0.57 -0.09 0.43
Spearman’s p  0.03 085 -0.03 085 0.16 0.16 -0.02 0.77 -0.03 0.83
Kendall’s 0.02 0.88  -0.02 084 011 0.15 -0.01 0.80 -0.01 0.86

*Significant at p < 0.05
**Significant at P < 0.01
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Table 3.21: Correlations of enamel-[Pb] and Santa Ana non-dominant hand scores
Cases

Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.00 0.98 -0.23 0.13 0.04 0.70 -0.14 0.06 -0.18 0.10
Spearman’s p  0.04 0.80 -0.17 0.27 0.05 0.68 -0.11 0.14 -0.18 0.12
Kendall’s 0.02 0.85 -0.11 0.27 0.03 0.73 -0.08 0.13 -0.12 0.13
*Significant at p < 0.05
**Significant at P < 0.01

3.3.3 Relationships between lead and other metals in enamel

Lead is the only element in this work that is not an essential element to human health. It was found to
have weak correlations with manganese and iron in surface enamel, but none with zinc (see Table 3.22,
Figure 3.29). There appears to be a very weak correlation between lead and copper. However, since it has
been shown that there is variance in the internal standard (calcium) that is used in this method (161), this

very weak correlation may be at least partially due to varying calcium content in teeth.

Table 3.22: Correlations of enamel-[Pb] and other metals

Elements
Manganese Iron Zinc Copper
Correlation Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.42** < 0.001 0.40** <0.001 0.02 0.85 0.26** <0.001
Spearman’s p 0.31** <0.001 0.35** <0.001 0.04 0.64 0.19* 0.01
Kendall’s © 0.21** <0.001 0.24** <0.001 0.02 0.65 0.13* 0.01

*Significant at p < 0.05
**Significant at P < 0.01
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A weak correlation between concentrations of zinc and lead in deciduous whole teeth has been observed
(r=0.22, p < 0.001) (185). This contrasts with the current work, which found no correlation between lead

and zinc in tooth enamel (Figure 3.29).
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Figure 3.29: A linear regression line showing the relationship between zinc and lead in
all teeth. Confidence intervals at the 95% level are shown above and below the
regression line. Associated statistics are shown in Table 3.22.

Levels of both Zn and Pb in dental enamel have been suggested as a biomarker for occupational exposure
to dusts in Portugese mines (167). Although these data do not suggest a correlation between Zn and Pb, as
was observed by Pinheiro (167), it should be noted that these children were not exposed to levels of dust
that would be typical in a mine. The lack of correlation between these metals in the current work does not
nullify the suggestion that enamel-[Pb] and enamel-[Zn] may be biomarkers of occupational exposure,
given the drastically different level of exposure to dust in occupational settings. Further research is
required to confirm enamel as a biomarker for pollution from heavy industry as suggested by Oprea

(165), or from mining as suggested by Pinheiro (167).
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Further evidence for the utility of teeth as a biomarker for environmental lead was presented by
Tvinherreim and colleagues, who measured a 50% decrease in the concentration of Pb in deciduous whole
teeth in Norway between the 1970s and the 1990s (98). The authors of that study concluded that the
decrease in tooth-[Pb] corresponds to a decrease in environmental Pb burden. Lead concentrations in
moss were measured as a representation of atmospheric deposition of Pb. It was found that moss-[Pb]

from 1985 correlated with the tooth-[Pb] collected in between 1990-1994 (r = 0.29, p = 0.03).

There were no known sources of environmental lead exposure for the children in the current work. The
lack of correlation between enamel-[Pb] and neurological test scores may be a result of Pb exposures that
are below the threshold for neurotoxicity. To the author’s knowledge, a threshold for neurotoxicity has

only been established for blood-Pb measurements (10 pg/dL), and not for tooth enamel.
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3.4 Zinc

The range of values of the teeth observed in this work (Table 3.23) is within that of a sample of 2614
deciduous teeth donated from children in Norway between 1990 and 1994 (185). However, the mean
value is higher at 343 ppm in this work compared to 181.4 ppm in that survey. This result is to be
expected, however, since the concentration of zinc in tooth enamel has consistently been observed to be
highest at the surface enamel (186, 187).

The range of zinc concentrations reported for surface enamel by Oprea is 248-2565 ppm, with a mean
value of 838 ppm (165). This contrasts with deciduous enamel measurements made by Zaichick and
Ovchjarenko that found a mean enamel-[Zn] of 269 ppm (161). Enamel-[Zn] was observed to be
somewhat higher in permanent teeth, with a mean [Zn] of 428 ppm (161). The average relative standard

deviation between teeth donated from the same child was 20.6%.

Table 3.23
Descriptive Statistics of Zn in tooth enamel
Number of
samples Minimum  Maximum Mean Variance
177 93 ppm 685 ppm  343ppm 6255 ppm’

The distribution of measured concentrations of zinc in tooth enamel is shown in figure 3.29. The non-

normality of the data was confirmed with a Shapiro-Wilk test (W =0.93, p < 0.001).
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Figure 3.30: Histogram showing the distribution of zinc concentrations of all teeth
measured in this study. Shapiro-Wilk test (W =0.93, p < 0.001).

A Kruskall-Wallis test determined that none of the types of tooth has a significantly higher concentration
of zinc than the others (p = 0.18). This is in contrast to whole teeth data collected in Norway that showed
that molars had a higher concentration of zinc than canines and incisors (p < 0.05) (185). It is worth
noting here that the researchers in the Norwegian observational study had the same issue as the author of
this work regarding children who donated more than one tooth; that is, the assumption of independence of
samples was violated, and therefore the p-values may be overly confident. Therefore, a p-value that is <

0.05 may not have indicated a statistically significant relationship.
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Figure 3.31: Boxplot showing the concentration of zinc for incisors, canines and molars.
A Kruskal-Wallis test showed that no group had a median that was significantly different
from the population median (p = 0.18). The median value is depicted as a black line in
the center of the box. The second and third quartiles are the boxes on either side and the
first and fourth quartiles are depicted by the whiskers below and above the boxes.
Outliers are shown as points outside of the whiskers.

Although there was no statistically significant difference in the concentration of zinc in different tooth
types, the same analysis by tooth type was carried out for zinc as for the other elements in this study for
completeness. The boxplot in figure 3.31 shows concentrations of zinc that are not statistically different

between incisors, canines and molars.

3.4.1 Relationships between zinc and children’s height

Zinc was not found to correlate to children’s height in this work (Table 3.24). This outcome is not a
surprise, since zinc deficiency is uncommon in the developed world. In the developing world, on the other
hand, zinc deficiency is far more prevalent, with symptoms of zinc deficiency including growth

retardation and cognitive deficits (188).
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Table 3.24: Correlations of enamel-[Zn] and height

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.03 0.86 -0.17 0.26 -0.02 083 -0.12 0.13 -0.19 0.09
Spearman’s p  0.05 0.74 -0.27 0.07 0.02 0.85 -0.07 037 -0.19 0.09
Kendall’s 1 0.03 0.76 -0.19 0.07 0.01 0.85 -0.05 036 -0.13 0.08

*Significant at p < 0.05
**Significant at P < 0.01

3.4.2 Relationships between zinc in enamel and neurological test scores

There is conflicting evidence in the literature regarding the role of zinc deficiency in the cognitive

development of children in the developing world (189, 190). Recent work has shown that zinc

supplementation may have increased I1Q test scores among 36 school-aged children whose baseline zinc

levels (those before supplementation) were not considered deficient (191). However, the results of this

work may be guestionable since the authors did not use a control group and repeated the same 1Q test

before and after zinc supplementation. There was no significant correlation between zinc levels and 1Q

test scores in this work (Table 3.25).

Table 3.25: Correlations of enamel-[Zn] and full WASI 1Q test scores

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r -0.12 0.45 0.12 0.44 -0.21 0.06 -0.11 0.13 -0.04 0.76
Spearman’s p  -0.12 045 0.25 020 -0.21 0.05 -0.09 0.24 -0.15 0.17
Kendall’s t -0.08 047  0.15 015 -0.14 0.06 -0.06 024 -0.11 0.17

*Significant at p < 0.05
**Significant at P < 0.01
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There were weak negative correlations between the average-[Zn] of each child and Santa Ana dexterity
test scores. However, a linear regression of Santa Ana dominant hand scores and average-[Zn] showed
that the standardized [ for the regression without covariates was -0.20 (p = 0.08), while the model using
age as a covariate had a standardized B of -0.11 (p = 0.24). Similarly, Santa Ana non-dominant test scores
had a standardized beta that was reduced from 0.19 (p = 0.10) to -.09 (p = 0.32) by the addition of age as

a covariate. This suggests that the relationship may not in fact be significant.

Table 3.26: Correlations of enamel-[Zn] and Santa Ana dominant hand scores

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r -0.25 010 -0.03 0.86 -0.07 050 -0.14 0.06 -0.20 0.08
Spearman’s p  -0.11 0.46 -0.01 0.93 -0.09 0.25 -0.12 0.12 -0.24* 0.03
Kendall’s -0.09 042 -0.01 092 -011 030 -0.08 011 -0.17* 0.06
*Significant at p < 0.05
**Significant at P < 0.01
Table 3.27: Correlations of enamel-[Zn] and Santa Ana non-dominant hand scores
Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r -0.14 037 -0.05 073  -0.07 052 -0.14 0.07 -0.19 0.10
Spearman’s p  -0.08 059 -0.13 0.38 0.02 0.84 -0.08 0.29 -0.24* 0.03
Kendall’s -0.05 061  -0.07 0.48 0.01 0.87 -0.06 0.29 -0.16* 0.04

*Significant at p < 0.05
**Significant at P < 0.01
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3.4.3 Relationships between zinc and other metals in enamel

Zinc was found to have a statistically significant correlation with manganese, iron and copper (Table
3.28). The strongest correlation was with copper. Similarly, log transformed zinc concentrations have
been observed to correlate with other metals in descending order of strength: [Cu], [Fe] = [Mn] (p < 0.05
for all coefficients) (165).

Zinc concentrations were also found to correlate with copper concentrations in the saliva of 225 adults

(192). A review of the literature did not find additional data correlating zinc with manganese, copper, iron

or lead in saliva.

Table 3.28: Correlations of enamel-[Zn] and other metals in enamel

Elements
Manganese Iron Copper Lead
Correlation Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.39** <0.001 0.47** <0.001 0.46** <0.001 0.02 0.85
Spearman’s p 0.38** < 0.001 0.46** <0.001 0.53** <0.001 0.04 0.64
Kendall’s 0.25** < 0.001 0.32** <0.001 0.37** <0.001 0.02 0.65

*Significant at p < 0.05
**Significant at P < 0.01
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Figure 3.32: A linear regression line showing the relationship between zinc and copper in
all teeth. Confidence intervals at the 95% level are shown above and below the
regression line. Associated statistics are shown in Table 3.28.
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1.6 Copper

Copper is an essential element that has received comparatively little attention in the literature for its
potential toxicity. However, there has been recent work aimed at finding a reliable biomarker for copper

exposure of workers at Australian vineyards who are exposed copper-containing fungicides (193).

Copper plays many important roles in physiology. Because copper is needed for the initiation of
endothelial cells towards angiogenesis, chelation therapies for the reduction of bioavailability of copper
have been a focus of some chemotherapeutic agents against cancer (194, 195). A biomarker for
cumulative exposure to (or deprivation of) copper may provide a useful tool for improvement of copper
chelation agents. The current work examined correlations between copper in surface enamel and other

metals, as well as health outcomes that are known to be related to metals exposures.

Descriptive statistics for copper in children’s tooth enamel are shown in Table 3.29. The average relative
standard deviation between teeth donated from the same child was 31.5%. The concentrations of copper
in this work are considerably higher than the range observed in other tooth samples in the literature (159,
160). It must also be noted that the method for quantifying Cu in enamel reported in these studies used a
synchrotron x-ray beamline with cross sections of molars. The scan of the x-ray beam measured the molar
enamel between the occlusal surface and the dentine, parallel to the occlusal surface, whereas the values

obtained in this work are surface measurements (159).

The range of values in the current work is greater than the range reported by Oprea (165). It should be

noted, however, that there are only 4 samples of 178 that were measured that had enamel-[Cu] greater

than 400 ppm (shown in Figure 3.34).
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Table 3.29: Descriptive Statistics of Cu in tooth enamel

Number of
samples Minimum  Maximum Mean Variance
178 43ppm  1455ppm  185ppm 16868 ppm’

The non-normal distribution of measured concentrations of copper in tooth enamel is shown in figure 3.32

(Shapiro-Wilk test, p < 0.001).
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Figure 3.33: Histogram showing the distribution of copper concentrations of all teeth
measured in this study. Shapiro-Wilk test (W = 0.58, p < 0.001).

As is the case for all metals in this work except for zinc, incisors have a higher concentration of copper

than canines and molars (Kruskall-Wallis test, p = 0.001). The distributions of the three different tooth

types are represented in a boxplot in figure 3.34.
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Figure 3.34: Boxplot showing the concentration of copper for incisors, canines and
molars. A Kruskal-Wallis test showed that at least one group had a median that was
significantly different from the population median (p = 0.001). The median value is
depicted as a black line in the center of the box. The second and third quartiles are the
boxes on either side and the first and fourth quartiles are depicted by the whiskers below
and above the boxes. Outliers are shown as points outside of the whiskers.

3.5.1 Relationships between copper and children’s height

When age is controlled for as a covariate in a linear correlation model, there is no significant correlation
between copper and children’s height. For all teeth, the standardized B coefficient in the linear regression
was reduced from -0.22 (p = 0.003) to -0.05 (p = 0.24). For average concentrations of each child the
standardized P coefficient was reduced from -0.37 (p = 0.001) to -0.10 (p = 0.10). It is interesting to note
the similarity of the results between iron and copper. Although there is little evidence to suggest a direct
mechanism of interaction between copper concentrations within healthy margins and bone development,
it is possible that dyshomeostasis of an element such as iron could have an effect on the presence of

copper in tissues.
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Table 3.30: Correlations of [Cu] in enamel and children’s height

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic  p  Statistic p Statistic p
Pearson’s r -0.14 0.36 -0.27 0.06 -0.14 0.18 -0.22* 0.003 -0.37** 0.001
Spearman’s p  -0.22 0.15 -0.38* 0.01 -0.14 0.19 -0.07** <0.001 -0.46** < 0.001
Kendall’s t -0.15 0.17 -0.27** 0.01 -0.10 0.17 -0.21** <0.001 -0.31** < 0.001

*Significant at p < 0.05
**Significant at P < 0.01 (Canine p-value was rounded up)

160 ©

._.
=
it

Height (cm)

120

100

T 1 1 1 I I
0 100 200 300 400 500 600
Enamel [Cu] (ppm)

Figure 3.35: A linear regression line showing the relationship between the average
copper in all measured tooth enamel of each child and the children’s height. Confidence
intervals at the 95% level are shown above and below the regression line. Associated
statistics are shown in Table 3.30.

3.5.2 Relationships between copper in enamel and neurological test scores

The great majority of the literature pertaining to the potential neurotoxicity of copper relates to
neurodegenerative conditions such as Alzheimer’s disease and amyotrophic lateral sclerosis (ALS), or to
the genetic conditions Wilson’s disease and Menkes disease. As a result, this work is somewhat unique
for investigating healthy children’s teeth as a potential biomarker for copper.
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There were no significant correlations between children’s IQ test scores and enamel-[Cu] concentrations

(Table 3.31). Similarly, no correlation was found between Santa Ana dexterity test scores of either

dominant or non-dominant hands and average concentration of copper in teeth donated by each child as

well as all teeth, when controlling for age as a covariate.

Table 3.31: Correlations of [Cu] in enamel and full WASI 1Q test scores

Cases

Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.06 072 0.15 0.32 0.07 0.50 0.07 0.36 0.03 0.79
Spearman’s p  0.03 0.86 0.22 0.15 -0.13 0.22 -0.04 0.61 -0.07 0.57
Kendall’s 0.03 076  0.15 0.16  -0.09 021 -0.03 0.58 -0.04 0.59
*Significant at p < 0.05
**Significant at P < 0.01
Table 3.32: Correlations of [Cu] in enamel and Santa Ana dominant hand scores

Cases

Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p  Statistic p Statistic p
Pearson’s r -0.28 0.06 -0.07 0.63 0.03 0.23 -0.09 0.23 -0.26* 0.02
Spearman’s p  -0.21 0.17 -0.10 0.50 -0.12 0.27 -0.23**  0.002 -0.32** 0.004
Kendall’s t -0.15 0.16 -0.07 0.49 -0.08 0.32 -0.16** 0.003 -0.22** 0.005

*Significant at p < 0.05
**Significant at P < 0.01
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Table 3.33: Correlations of [Cu] in enamel and Santa Ana non-dominant hand scores

Cases
Incisor Canine Molar All teeth Average
Correlation Statistic p Statistic p Statistic p  Statistic p Statistic p
Pearson’s r -0.22 0.14 -0.06 0.72 -0.06 0.62 -0.14 0.07 -0.26* 0.02
Spearman’s p  -0.23 0.12 -0.12 0.41 -0.06 0.58 -0.23**  0.002 -0.36** 0.001
Kendall’s 1 -0.16 0.13 -0.09 0.37 -0.04 0.62 -0.16**  0.002 -0.24** 0.002

*Significant at p < 0.05
**Significant at P < 0.01

3.5.3 Relationships between copper and other metals in enamel

Copper was observed to have strong correlations to manganese, iron and zinc in surface enamel. A review
of the literature found no information correlating copper to other trace metals in enamel. However, a
study that investigated the effect of smoking on trace element concentrations in saliva found that levels of
copper and zinc were observed in consistent ratios between different groups despite varying

concentrations, suggesting that these elements may be correlated in enamel as well (196).

Table 3.34: Correlations of [Cu] and other metals in enamel

Elements
Manganese Iron Zinc Lead
Correlation Statistic p Statistic p Statistic p Statistic p
Pearson’s r 0.37** <0.001 0.48** <0.001  0.46** <0.001 0.26 <0.001
Spearman’s p 0.64** <0.001 0.81** <0.001 0.53** <0.001 0.19* 0.01
Kendall’s 0.47** <0.001 0.67** <0.001 0.37** <0.001 0.13* 0.01

*Significant at p < 0.05
**Significant at P < 0.01
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Chapter 4

Conclusions

This work developed a method for non-destructive quantification of Mn, Fe, Cu, Zn and Pb in deciduous
tooth enamel of 178 tooth samples collected from 80 children the province of Quebec, Canada using
EDXRF. Figures of merit of the measurement method and relevant quantification statistics are

summarized in Table 4.1.

Table 4.1: Figures of merit and quantification statistics for the EDXRF
measurement of divalent metals in tooth enamel

Range of Mean Limitof  Analytical

concentrations concentration detection  sensitivity

Element (ppm) (mean =+ 6) (ppm) (ppm™s™)
Manganese 8-109 29+ 15 1.6 7.9
Iron 34-356 147 + 57 6.5 6.7
Copper 43-1455 185 + 130 1.8 2.3
Zinc 93-685 343+79 1.7 2.6
Lead <MDL-30 8.4+6.2 0.6 9.4

The method presented in this work has the advantage of being a non-destructive, non-invasive, multi-

elemental quantification method for trace metals that are related to human health in tooth enamel.
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Deciduous teeth are shed naturally and can be easily stored and transported. Enamel is highly

conservative, so the tissue imposes no time constraints on the analysis.

The detection limits of the current system are sufficiently low for all elements investigated other than lead
that the minimum analyte concentrations observed are above the detection limit of the system. Multi-
elemental analysis has the additional advantage of allowing for comparisons between metals, providing

researchers with insights about interactions between metals in the oral environment.

The disadvantage of multi-elemental analysis is that trade-offs are required in the optimization of the
system that detrimentally affect the quantification of lead. Specifically, the selection of an aluminum filter
for the 40 kV Pd-anode x-ray tube led to high background, and therefore high detector noise at the Pb L
line (12.5 keV). The geometry of the source, sample and tube appear to create Bragg diffraction peaks in
the spectrum also. These problems could be minimized by measuring lead separately; ideally, with a **Cd
source and hyper-pure germanium detector to measure the Pb-Ka line (Pb-Koy = 74.97 keV; *°Cd-y =
88.04 keV). It must be noted, however, that the incident and take-off angles would have to be much
smaller than 45 with a Pb-Ka system, if the critical penetration depth of measurement were to be

maintained within the depth of enamel.

Another disadvantage of the current work is that it is observational in nature. Because of this, it is limited
in its capacity to attribute trace element concentrations to specific routes of exposure. Controlled
experiments would provide more accurate information about ion exchange and adsorption at the enamel
surface. However, observational data are still very useful as a starting point for investigations of a novel

biomarker.

In this work, weak positive correlations were shown between concentrations of manganese in tooth
enamel and dietary intakes of Mn (p < 0.01), but not for tap water intake of Mn. Controlling for age as a

covariate, there was no observed correlation between manganese and full WASI 1Q test scores or Santa
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Ana dexterity test scores. Manganese concentrations in surface enamel were strongly correlated to iron

levels (p < 0.001).

Iron concentrations in tooth enamel were found to have no correlation to estimated dietary and tap water
intakes of iron. There was a weak negative correlation between concentrations of iron in molars and 1Q
test scores (p = 0.02). Iron concentrations were found to strongly correlate with manganese and copper,

suggesting that these elements share similar metabolic pathways to surface enamel.

Deciduous incisors were found to have higher concentrations of lead than canines and molars. Controlling
for age, there were no significant correlations between lead and height, 1Q, or Santa Ana test scores.
There were no significant correlations between lead levels in surface enamel and neurological test scores,
suggesting that there was no significant source of environmental lead that might have been expected to

cause neurotoxicity among a subset of children.

Zinc was unique in its distribution among various tooth types in that there was no significant difference
between median values among incisors, canines and molars. Zinc concentrations were generally higher
than those of other trace metals quantified in this study. There was no correlation observed between Zn

and height, 1Q or Santa Ana test scores.

Copper is a trace element that has gained some attention for its role in angiogenesis, particularly during
rapid tumor growth. Copper levels in surface enamel in this work were highest in incisors. There were no
significant correlations between copper concentrations and height, 1Q or Santa Ana test scores.
Considering the observational nature of this work, however, more controlled experiments would be
necessary to provide conclusive evidence for the usefulness of tooth enamel as a biomarker for copper

exposure.

95






Chapter 5

Future work

An emergent technology that may have an impact in work of this nature is portable, hand-held XRF
(HHXRF) systems. HHXRF may enable researchers to travel to sights of occupational or environmental
exposures to trace metals and to take many in situ measurements that would be of significant interest
including dust, soil and potentially in vivo measurements also. Method development for each of dust, soil
and in vivo applications would likely have a tremendous impact in the environmental health community
because of the drastic improvement in cost-effectiveness of the measurements relative to conventional

techniques.

Radiation exposure and time of measurement currently present considerable challenges to these
measurements in vivo. However, improvements in SDD detector thoughtput may benefit the feasibility of
in vivo HHXRF measurements in the future, providing researchers with an inexpensive, non-destructive

tool to measure sources and pathways of trace metals exposures in situ.
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There are several other possibilities for future work following this method development and observational
study. Deciduous tooth enamel has not yet been validated as a biomarker for manganese, iron, copper or
zinc. There is some uncertainty in the effect that de- and re-mineralization might have on the outer layer
of tooth enamel. It will be of considerable interest to quantify the adsorption of trace elements onto

enamel of teeth in a simulated oral environment.

It would be ideal to perform a set of experiments with unerupted teeth that had been carefully removed to
avoid any potential contamination. The use of unerupted teeth would provide a biomarker for the presence
of trace metals in blood and extracellular fluid during enamel development since there is no other
pathways for metals to enter the enamel. The use of unerupted teeth would then enable the simplest
interpretation of results, since any changes that were observed would be attributed directly to the
experimental setup without confounding effects such as differences in wear or erosion after eruption.
However, any teeth that are well-characterized for surface hardness and trace element concentrations

would still be appropriate.

The effect of pH and varying plaque fluid and saliva trace element concentrations could be tested in a
controlled environment by paired comparisons. For example, maxillary central incisors from the same
child could be measured for trace element concentrations using the method developed in this work and
then immersed in artificial saliva with identical trace element concentrations but at differing physiological
pH. Other experiments might keep the pH contant but vary the trace element concentration of the artificial
saliva or plaque fluid over time. The method developed in the current work offers the benefit of being
non-destructive, so measurements could be made weekly or bi-weekly to measure changes over time
without damaging or altering the sample. These experiments would be very simple, inexpensive and
useful, although it seems likely that they would need to be maintained over a prolonged period of at least

a year before any significant change is likely to be measured.
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Other experiments could be performed using the above-mentioned setup to test the effect of periodic
drops in pH on the trace element profile of teeth, simulating consumption of acidic food and drinks. There
has been some interest in this in the literature, although the experimental methods have failed to take into
account the buffering of pH and increased fluid flow that is provided by saliva in vivo. It would be very
useful to measure the effect of periodic de-minerization and re-mineralization under physiological
conditions. To the author’s knowledge, this work would be novel in its investigation on the effects of
most trace metal concentrations in enamel. To date, similar experiments have been performed to test the
efficacy of fluoride treatments in improving surface enamel resistivity to acid erosion and cariogenesis,

but have ignored other trace elements in saliva and surface enamel.

Knowledge of physiological processes that contribute to surface enamel concentrations may validate the
use of enamel as a biomarker for pre-eruptive concentrations of trace metals in blood, cumulative
concentrations of trace metals in saliva and plaque fluid, or a mixture of both. Having quantitative data
regarding these processes in conjunction with a non-destructive measurement method would provide
researchers with a simple tool to gain insights into a fascinating aspect of long-term exposures to neuro-

toxins and long term trace metals physiology.
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