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ABSTRACT 

 

Background and aims 

Lead exposure has irreversible health effects in children who are susceptible even at very 

low levels of exposure. The usual test for lead exposure is blood lead level (BLL), but this 

indicates only recent exposure. This study aimed to ascertain the suitability of milk teeth 

as biomarker of the history of lead exposure and to develop a methodology for this novel 

biomarker.  

 

Methods 

My study comprised three stages: Firstly, I explored potential determinants of dentine 

lead levels (DLLs) in children living in Newcastle upon Tyne (the Tooth Fairy Study). 

Secondly, I developed a methodology for assessing the history of early life lead exposure 

using dentine, and thirdly I applied my methodology to newly extracted teeth from 

children in Teesside. 

 

The Tooth Fairy study cohort consisted of 69 children aged 5-8 years. DLLs were 

measured in primary dentine using Laser Ablation Inductively Coupled Plasma Mass 

Spectrometry (LA-ICP-MS). To identify determinants of early life exposure,        

a questionnaire was used. I assessed associations between lifestyle characteristics and 

DLLs.  

 

As teeth develop chronologically they offer the opportunity to study histories of exposure 

in detail. I collected two deciduous molars each from 15 children aged 6-8 years living in 

Northeast England. By combining high spatial resolution LA-ICP-MS with dental 

histology, I acquired information on the age specific concentrations of lead in dentine 

from in utero to several years after birth. 

 

Results 

Dentine lead levels in the Tooth Fairy cohort ranged from 0.06 to 0.77µg/g, median 

0.21µg/g. Unlike other studies, I did not find significant associations between socio-

economic status or other possible determinants and lead exposure.  
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In developing the biomarker I found that the 100 micron ablation pit represented 42 days 

of dentine growth, enabling me to assign an age interval to each ablation pit. I found lead 

ratios in primary dentine to be consistent between teeth from the same child, and at the 

same age within each tooth. This indicated that the history of exposure can be determined 

using a single, multi-point ablation transect on high quality longitudinal sections of 

individual teeth.  

 

Conclusions 

 I found no association between socio-economic status and dentine lead levels in a 

cohort of children from Newcastle upon Tyne. 

 I developed a novel technique to date ablation points in dentine in milk teeth, and, 

using this technique have demonstrated that primary dentine is a potential 

biomarker for characterising the early life history of lead exposure in children. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Introduction 

 

Lead is a trace element and common environmental pollutant particularly in industrialised 

and contaminated areas where elevated lead levels may be found in soil, dust and 

drinking water. The toxicity of lead to human health has been known for many years. 

Epidemiological studies have reported that lead can be harmful to health at very low 

levels of exposure. Compared to adults, children often experience higher exposures and 

are more susceptible to the health effects associated with lead exposure. Children with 

elevated lead exposure have been shown to be at risk for deficits in IQ, balance, hearing, 

and growth and these effects can persist into the teenage and adult years. [1-5]  

 

Among the most important sources of lead exposure for children are ingestion of water 

from leaded water pipes, paint chips in old buildings in the USA, dermal exposure to lead 

from toys, certain cosmetic products, and exposure to soil and household dust.  Children 

living in areas with lead contaminated soils can exhibit high lead body burden. [1, 2, 5-7]  

 

The usual method for assessing lead exposure is to measure lead levels in blood, however 

this  can only tell us about recent exposure, over the preceding weeks. [5] In this study I 

aimed to develop a method to assess long term lead exposure in children using tooth lead 

levels to reveal lead exposure over the early years of a child’s life. I first used standard 

techniques to explore the determinants of lead exposures as measured in enamel and 

dentine in the Newcastle Tooth Fairy cohort. Building on these findings I used 

histological analysis of transects of teeth from Teesside to develop a method to assess the 

history of lead exposure. 
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1.2 Aim and objectives 

 

The overall aim of my study was to assess levels of lead in different parts of human 

deciduous teeth to establish a biological marker for studying long term lead exposure.  

 

The specific objectives were: 

1. To investigate factors, including socio-demographic characteristics, home and 

neighbourhood environment, family and occupational exposure, and the child’s behaviour 

that might influence cumulative lead exposure as measured by tooth lead levels in 

children from Newcastle upon Tyne (the Tooth Fairy Study) 

2.  To study the histology of dentine to refine and better understand the tooth lead levels 

to develop a more sensitive biomarker to describe the history of lead exposure using teeth 

3.  To determine lead levels in different parts of the teeth including enamel and dentine 

using LA-ICP-MS 

4. To assess lead levels in teeth from the same child, and between children to explore 

intra- and inter-individual variability 

5.   To explore the correlations between tooth and blood lead levels  

 

1.3 Structure of the thesis 

 

This thesis is composed of five chapters. This first chapter is an overall introduction to 

my thesis. The second chapter outlines the scientific background and consists of five 

sections. It starts with an introduction to environmental and health impacts of lead 

exposure (Section 2.1), followed by with a more detailed description of biological 

monitoring of trace elements (Section 2.2). The third section (Section 2.3) is a general 

description of tooth morphology, development and histology, followed by the 

measurement of lead in teeth and blood (Section 2.4). The last section (Section 2.5) 

provides a general description of principles of the methods used in this study.  

 

Chapter three describes the main materials and methods used. The first section (Section 

3.1) gives information about the study design. The next section (Section 3.2) provides 

details of the first phase of the study, an epidemiological study (the Tooth Fairy Study) to 

identify determinants of lead exposure, this is followed by the second phase, the 

development of histological techniques using dentine to identify the chronology of tooth 
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lead levels (Section 3.3). The last section (Section 3.4) describes the application of the 

histological technique to the remaining teeth sample.  

 

Chapter four presents the results and consists of four sections. It starts with the 

characteristics of the study participants (Section 4.1). It continues with the results for the 

main research questions in the epidemiological study: Question one: Are mean dentine 

lead levels (DLLs) associated with known determinants of lead exposure? (Section 4.2). 

The results of the subsequent sample development of histological techniques in initial 

four teeth addressing the research question, including intra- and inter- individual lead 

levels are presented in Section 4.3, the question was: Can the histological technique 

recreate the history of lead exposure of over child’s life time? The last section describes 

the relationship between tooth and blood lead levels. (Section 4.4).  

 

The fifth chapter discusses the findings of my study in five sections. In the first section 

(Section 5.1) the determinants of lead exposure in the Tooth Fairy Study are discussed. 

The following section, 5.2, describes the histological study, and is followed by overall 

discussion (Section 5.3). I then discuss the  strengths and limitations of the 

epidemiological study (Section 5.4), and histological study (Section 5.5). This is followed 

by a summary and conclusions. Recommendationa and future directions of research based 

on the scientific results of the present study are also described.   
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CHAPTER TWO 

SCIENTIFIC BACKGROUND 

 

2.1 Environmental and health impacts of lead exposure  

 

2.1.1 Introduction 

 

Lead is a common environmental pollutant and its health impacts are globally recognised 

as a public health problem.[3] The Agency for Toxic Substances and Disease Registry 

(ATSDR) identified lead as one of the most hazardous substances in the environment. [8] 

In addition, the Secretary of the Department of Health and Human Services in the USA 

determined in 1991 that ‘Lead is the number one environmental pollutant which is 

harmful to US children’. [9] Exposure to lead can have detrimental effects on a person’s 

intelligence and social behaviour well into teenage and adult years. [10, 11] More 

recently it has been reported that lead can be harmful at very low levels of exposure, [4, 

12] even below the current guideline values. 

 

The determination of health risks to and effects on individuals of environmental lead 

exposure requires the use of accurate and credible biomarkers. [5, 13] Blood lead levels 

are used routinely for monitoring lead exposure in humans in some countries; however, 

lead levels in blood have a short half-life, a maximum of 40 days [14] This means that  

blood is not suitable for identifying long-term exposure.  

 

In this chapter I describe the history of lead exposure, its sources of exposure, the fates of 

lead in the body, health effects, and epidemiological studies of lead exposure. Issues of 

tooth development, components, and mineralization are also described. The techniques 

used to identify blood and tooth lead levels are described in the final section.  
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2.1.2 History of Lead Exposure 

 

Lead was recognised as the father of all metals by the ancients. [15] It is believed that 

lead was found in Egypt as early as 3500-4000 BC, and it was used in most of the major 

ancient civilised societies, such as those of Hebrews, Romans and Greeks. [16] Woolley 

(1984) noted that lead poisoning was one of the earliest occupational diseases to be 

recognised. [17] During the industrial revolution in the mid eighteenth century, the 

production of lead increased resulting in many cases of lead poisoning in occupationally 

exposed workers. Once the amount of lead in the environment increases the incidence of 

neonatal lead exposure also rises, with associated impacts on pregnancy outcome. [16] 

Studies suggest that lead exposure in pregnant women is associated with abortion, 

premature birth, maternal hypertension and reduced fetal growth. [18] 

 

In 1921, one of the most important events in the history of lead exposure occured: the 

anti-knock effect of tetraethyl lead was discovered at the Kettering Research Laboratories 

of General Motors. The subsequent inclusion of lead in petrol resulted in toxic organo-

lead compounds increasing global lead emissions due to their volatile nature [19].  

 

In the twentieth
 
century, the USA was the world leader in producing and consuming lead 

at about 1.3 million tons per year according to a report of Lead in the Human 

Environment undertaken by the National Academy of Science in 1980. [15] As well as its 

use as an anti-knocking agent in petrol, lead was also used widely as a major component 

of pigment in many paints, cosmetics, and household artefacts. The banning of pregnant 

women from working in the manufacture of lead pigment was one of the very first 

measures implemented by the British Workplace legislation in 18
th

 century. The 

discovery of a mysterious illness among workers in tetraethyl lead manufacturing 

attracted interest, and the deaths of workers in refineries in New Jersey and Ohio during 

1924 led to an investigation into the cause. Lead poisoning was eventually recognised as 

the cause, which resulted in lead poisoning being recognised as an occupational hazard 

for those with lead exposure. [20] In the 1970s, the U.S. Environmental Protection 

Agency (EPA) began to implement proper regulations for lead use.  Restrictions for lead 

use in petrol were started in 1975, and in 1982, unleaded petrol was introduced. As a 

result of these measures, leaded fuel use dropped 98% between 1970 and 1986 in the 

USA. [21] Subsequently, lead use in fuel was banned in the USA in 1988. However, it is 
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still in use in many developing countries until the present day. [22] Due to improvements 

in industrial hygiene, the incidence of acute lead poisoning has also gradually decreased 

in most developed countries. In developing countries, on the other hand, the incidence of 

paediatric lead poisoning remains high. [23] 

 

Lead paint has remained a problem especially in older houses in spite of the phasing out 

of production in 1978 in the USA and 1992 in Europe. [24] Leaded paint was banned for 

sale in the UK in 1992. [25] In the early 1970s, the US launched the Lead-Based Paint 

Poisoning Act in order to develop methods for removing lead paint from houses.  

However, studies have indicated that the removal of lead dust from houses and the 

procedures used to reduce lead in paints were not very effective. The main pathways for 

exposure to lead from paint are the ingestion of paint chips, the swallowing  of lead home 

dust, and from contaminated soil due to hand-to-mouth behaviour, and therefore these 

routes of lead exposure are still of concern in young children. [20]   

 

The phasing out of lead use in the UK started in the 1970s, and lead in air has declined 

dramatically. [26] With regard to body burden in the UK, a study found that BLLs fell 

substantially between 1984 and 1995. Since 1984-1987, BLLs in adults have decreased by 

2.6-3.0 µg/dL [27], and 97% of individuals in 1995 had BLLs lower than 10µg/dL. [28]   

 

Since 1991, the US Centers for Disease Control and Prevention has determined that the 

highest acceptable blood lead level in children (BLL) is 10g/dL. [29] Nevertheless, 

evidence suggests that subtle effects can occur at even lower levels. [10, 30, 31] As a 

result, the USA announced a national policy to decrease BLLs to lower than 10g/dL in 

children in the USA by the year 2010. [29] Over the past three decades there has been 

increasing awareness of the effects of lead on health. The removal of lead in petrol and 

paint has resulted in decreasing BLLs in children in the USA and much of Europe. [8, 32]  

 

2.1.3 Sources of Lead Exposure 

 

Lead is found in many sources and locations. There are many pathways for exposure to 

lead, such as exhaust emissions from leaded petrol-driven vehicles (leaded petrol), lead 

pipes, lead dust and soil, exposure in mining industries, and from pesticides and old 

buildings with leaded paint.[1, 2, 5-7] However, the connection between environmental 
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contamination with pollutants such as lead and human exposure is complicated. Figure 

2.1 illustrates some of the sources, products, pathways and media of human exposure to 

lead, highlighting the complex web of lead use, environmental contamination and human 

exposure. 

 

Historically, the main sources of exposure among children in the USA are airborne lead 

(generally originating from petrol combustion) and leaded dust and chips derived from 

the deterioration of lead paint. [1] Leaded petrol remains one of the major sources of lead 

exposure in developing countries such as Thailand and Indonesia. [33, 34] 

 

Occupational lead exposure is related to industries such as mining, metal smelting, battery 

manufacture and others that use lead, lead-based paint, plastics, ceramics, radiators, inks, 

or solder. [23, 35] Some studies have indicated that children toys, cosmetics, and folk 

medicines may also contain lead.[35] The following sections give greater details of 

selected sources of environmental lead, including petrol, lead-contaminated dust, lead-

based paint, lead in soils, and lead water pipes. 
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Figure 2.1 Sources and pathways for environmental lead  

From Rutter, M. and Jones, RR. (1983) Lead versus health : sources and effects of low 

level lead exposure. Wiley: Chichester. [2] 

 

Lead in Petrol 

Leaded petrol was first introduced in commercial markets in the USA in 1923. The 

pioneering manufactures were Dupont and General Motors, who developed tetraethyl 

lead, which is the highly toxic compound used to boost octane performance in petrol. By 

the mid 1970s it had become clear that automobile emissions from the use of leaded 

petrol were a major source of environmental lead contamination. Subsequent studies 

found adverse health effects due to exposure to lead. The US EPA then regulated lead in 

petrol, and the phasing out of lead in the vehicles began in 1978.  After several years of 

decreasing leaded-petrol, BLLs in the American survey had dropped 77 percent. The 

regulation for reducing lead use continued to create more efficient products such as safer 

fuel additives and efficiency.[20] In the UK, the lead content in petrol decreased from 
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0.4g/l to 0.15g/l in 1985, subsequently decreased airborne lead levels were found. A study 

of motor vehicles and air pollution at 29 sites in the UK found that lead concentrations in 

the air fell at least 50% between 1986 and 1987. [36] The substantial reduction of air lead 

level was then found due to unleaded petrol until present. [36, 37]  

 

By 1990s, levels of lead in petrol decreased dramatically in developed countries, and 

subsequently lead petrol usage also decreased in most developing countries. [20] 

Currently, there are only six countries in the world that still sell leaded petrol; these are: 

Afghanistan, Algeria, Iraq, North Korea, Myanmar and Yemen. However according to the 

United Nation's Environment Programme, leaded petrol will be banned around the world 

within the next two years, and these countries have agreed to stop selling by 2013. [37] 

 

Lead-contaminated dust 

Dust is largely composed of particles of small size deriving from soil, paint, plant pollen, 

textile fibres, and industrial and automotive activities, as well as other materials found in 

the local environment. In homes these particles settle on exposed surfaces and are trapped 

in carpets, flooring, curtains and clothing. In exposure studies, it was reported that specks 

of lead-contaminated dust are virtually impossible to identify visually and even small 

amounts can be harmful to children. [38, 39] Exposure studies have revealed that for two 

year old children in the UK urban environment, approximately 50% of the lead found in 

the body was from dust ingested as a result of hand-to-mouth activity. [40]  A survey 

carried out in 1981 to 1982 measured household dust and garden soils for 100 homes in 

Newcastle. Lead levels were reported to be approximately 600µg/g and 300µg/g in 

household dust and garden soils respectively. [41] Research conducted between 1981 and 

1992 in the UK concluded that approximately 10% of the population was exposed to lead 

levels in excess of 2,000µg/g in household dust. [40] 

 

Lead-based paint 

Lead paint from old houses has long been determined as a potential source of exposure to 

lead in the UK. [42] Lead was commonly used in household paint in the UK until the 

mid-1960s. It was most widely used paint for windows, doors, woodwork, and metal 

items. Old lead paint poses a danger if the paintwork flakes or peels, is chewed or bitten 

by children or pets, or when sanded or burnt off in preparation for repainting. When 

people renovate or repair their older houses or do routine maintenance, they are 



 

12 

 

potentially at risk of exposure to lead dust.  Even a small amount of lead dust or small 

chips of lead-based paint pose a risk of increased exposure that may impact health. [42] 

To reduce levels of lead in UK paints, legislation was introduced in the 1970s. 

Nevertheless, older paints still persist in older houses. The risk following the ingestion of 

old paint flakes are well known, and the majority of cases of lead poisoning in the UK 

have been among children who ingested paint flakes or dust contaminated with lead. In 

the USA, Sutton et al (1995) estimated that there were approximately 1.3 million homes 

in California in which interior paint lead levels exceeded 5,000 ppm [43]  and Kassa et al 

(2000) described lead poisoning as a significant health problem among some children 

living in inner-city homes in Toledo, Ohio. [44] Kokori et al (1999) identified lead as an 

important current environmental health problem threatening infants. [45]  

 

In most developed countries and some developing countries where legislation has been 

used to control lead-based paints, the hazard posed should decrease over time. However, 

it is important that people are aware of the risk posed, because it is likely to take several 

years or decades for old leaded paintwork in residential areas to be entirely removed, and 

even after removal of paint, contaminated dust and soil remain a resource of potential 

lead exposure. [42]  

 

Lead in soils  

Soil can be an important exposure pathway for humans. Lead is relatively immobile in 

soils and has been found to accumulate in the top horizons of the soil profile, therefore 

becoming a long-term source of lead exposure. [46] Moreover, soil is the final resting area 

of airborne lead from petrol and dust. [8, 47] Paustenbach et al (1997) found that tracked-in 

or resuspended soil particles were a significant component of household dust. [48]  

 

Some studies assessing the use of soil as a diagnostic tool for environmental conditions 

that influence health discovered a significant association between levels of lead in soil and 

BLLs. [29, 49, 50] The CDC reported that BLLs increase 3-7µg/dL for every 1000ppm rise 

of lead in soil or dust. [29] However, these increases derived from different sources, people 

and exposure conditions. For example, a study in the USA undertaken by Lanphear et al 

(1997) reported that if residential soil-lead concentrations increased from background 

1ppm to 1000ppm, children’s blood lead concentrations increased by 2.4μg/dL. [51] 

Duggan (1985) estimated an increment of 5μg/dL per 1000μg/g of soil lead. [52] 

Madhavan (1989) proposed that, for children younger than 12 years of age, an acceptable 
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value of 600μg/g of soil lead
 
 as "safe", this would contribute less than 5μg/dL to total 

blood lead. [50] 

 

Lead water pipes 

A primary source of lead in tap water is household plumbing systems where the pipes and 

solder connections contain lead. [38] Lead piping is mostly found in old houses, but in new 

homes in the USA, “lead-free” plumbing containing less than 8% lead is legal. [53] The 

EPA has identified that the largest sources of lead in water are brass or chrome-plated 

fixtures and the illegal use of lead solder. [35] Lanphear et al (1998) reported that drinking 

water containing lead levels greater than 15ppb are correlated with a 14% increase in the 

incidence of children having BLLs over 10g/dL. [54]  

 

In the UK, properties constructed before the 1930s had lead water pipes, many of which 

are still being used. In 1998 the EC Drinking Water Directive (98/83/EC) launched new 

standards for parameters including lead in drinking water. This standard was first applied 

in England by the Water Supply (Water Quality) Regulations 2000. This regulation has 

two phases; from 25 December 2003 water supplied to all premises must not exceed a 

level of 25 microgrammes of lead per litre of water, while from 25 December 2013, a 

maximum of 10 microgrammes of lead per litre of water will be introduced. [55] 

However, older housing still faces the problem of lead solder used to connect water pipes 

and lead pipes bringing water from the street supply into the house and to tap/water 

outlets. 

 

Other lead sources 

Hand to mouth behaviour has a major influence on lead exposure, especially in young 

children who put lead contaminated products such as toys, chalk, jewellery and metallic, 

soils/dusts, and accessories into their mouths. [35] Pica behavior is a practice to eat non-

edible materials/substances such as dirt, clay, and soil. If these are contaminated with lead, 

children who pick up and eat these objects may receive lead contamination by ingestion.  

 

The use of lead oxide glazes in ceramics is also associated with higher blood lead levels. 

Usually such glazes are not heated to sufficiently high temperatures to remove the lead. 

Lead then leaches from the pottery and ceramics into food during processes of food 
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preparation and storage. Lead has also been identified as a contaminant in various home 

goods, crystal and metallic accessories.  

 

Occupational exposure is another source of lead exposure, especially among those who 

work in factories using leaded compounds. In the UK, a survey of BLLs in workers 

between 2008-2009 found that the three industry sectors with the highest number of 

males working with lead were the lead battery industry (17.5%), the smelting, refining, 

alloying and casting industry (15.4%), and the metallic lead and lead-containing alloys 

sector (11.2%). A similar trend was found in female workers. [56] 

 

2.1.4 Exposure pathways 

 

Other sources of lead have been identified such as waste disposal, firearms with lead 

bullets, and wood combustion. A report on national lead emissions in twelve sectors in 

2005 undertaken by the U.S. Environmental Protection Agency (USEPA) indicated a 

range of sources similar to those found in other areas globally [57], as shown in Figure 

2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Lead emissions by source sector in USA  

From US EPA (2005) ‘National Emissions Inventory Data & Documentation’.[57] 
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The source-pathway-exposure chain commences with source activities such as industry 

and energy, transport, and domestic activities. These actions generate emissions into 

environmental compartments such as air, water, food and soil. These pollutants can result 

in exposure to humans via direct or indirect pathways.  The US Environmental Protection 

Agency (EPA) has specified the reference levels of lead in environmental media such as 

air, soil and water based on a level of exposure which is not likely to be harmful to human 

health, however there is not likely to be a ‘safe’ level of exposure. The WHO has also 

indentified lead levels in humans via different biomarkers such as blood lead levels. 

 

Lead emissions to air, water, food and soil and can be transported into the human body. 

The degree of individual exposure depends on dosage, age at exposure, physiological and 

target organs. Figure 2.3 illustrates the source-pathway exposure model linking of 

environmental contamination and health. 
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Figure 2.3 The source-pathway exposure of environmental contamination and health 

From Briggs, D. (2003) ‘Environmental pollution and the global burden of disease’. 

British Medical Bulletin.Vol. 68, pp.1–24. [58] 

 

2.1.5 Fate of lead in the human body 

 

Lead compounds are generally toxic, and enter the body by several routes such as 

ingestion, inhalation and skin absorption. [59] Most inorganic lead forms are not well 

absorbed via the skin, but organic forms such as tetraethyl lead are readily absorbed. [60] 

The ingestion of contaminated food and water is the main source of lead exposure for the 

general population and inhalation is the main route of lead exposure in the workplace.[60] 
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The following sections describe the kinetics of lead in the human body from absorption, 

distribution, and excretion.  

 

Absorption through the gastrointestinal tract is an important route for lead to enter the 

human body. Once ingested, lead is readily absorbed through the gastrointestinal tract. 

Gastric absorption ranges between 5% and 15% in adults though may reach 50% in those 

with calcium, iron and zinc deficiencies. The uptake of lead in children is usually higher 

than that in adults. [61] Children aged between 2 months and 6 years can absorb 42 to 

50% of an oral dose. The reason for higher lead absorption in children is unclear. A 

possible explanation is a higher frequency of iron, calcium and phosphate deficiencies in 

children. In adults, absorption rates decrease to 4-21% when lead is taken with food 

including normal calcium and phosphate constituents. [59, 61] The estimated relationship 

between lead intake and absorption is given in Table 2.1. 

 

Table 2.1 Estimated daily lead intake and absorption in adults [59] 

 

Pathways Lead intake % Absorption Lead absorption 

Pb intake with food 200-300 g/day 10% 20-30 g/day 

Pb contents of drinking 

water 
>20 g/liter 10%, 2 litre/day > 4 g/day 

Pb contents of air 1 g/m
3 30%,  20 m

3
/day 6 g/day 

Total absorption in adults   30-40 g/day 

 

Another exposure route is inhalation. 90% of lead oxide is absorbed by the lungs. In 

developed countries concentrations of lead in air have gradually decreased once the use of 

leaded petrol was banned; however, the burning of petrol and other lead containing 

products is still one of the main sources of lead contamination in some areas. Relevant 

activities included industrial lead smelting, the disposal of discarded batteries and other 

lead-containing materials, burning of garbage and old painted wood, and the weathering 

of old lead-containing paints on buildings. The burning of coal and fuel oil also 

contributes to higher atmospheric levels of lead. [62] 

 

Lead in ambient air is comprised of aerosols of particles which can be absorbed and 

deposited in the respiratory system. [63] Lead is well absorbed in the lungs at levels 

between 50 to 70% of respirable lead particles. Moreover, around 30% to 50% of the 

airborne lead inhaled by adults is retained, approximately 80% of which is gradually 

absorbed into the blood. [60] The absorption of lead within the respiratory tract depends 
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on several factors, including airborne concentrations of lead, particle size, solubility and 

density, and the individual’s ventilation rate. [63, 64] Lead-containing particles in the 

range of 0.5 to 5m in diameter are probably transported to the alveoli, where the 

exchange of lead and blood can occur. [65]  

 

Finally, dermal absorption is a term used to describe the transport of 

chemicals/substances from the outer surface of the skin through the skin. [66] Dermal 

absorption can follow occupational, environmental, or consumer exposure to chemicals, 

cosmetics, and pharmaceutical products. [66, 67] Although lead is absorbed through the 

skin, levels of the dermal absorption of inorganic lead substances are recognised to be 

lower than those from ingestion and inhalation. Only a few studies have estimated the 

dermal absorption of lead in humans, and these indicate that lead is absorbed though the 

skin mainly via extracellular fluids such as sweat and saliva. In an experiment by Stauber 

et al (1994) investigating the absorption of inorganic lead components, lead nitrate and 

lead acetate were applied to the skin of participants. After six hours, levels of the lead 

compounds absorbed through the skin were assessed in the saliva, sweat, blood and urine. 

Significant increases in lead levels were found in the content of sweat and saliva, but not 

in blood and urine. [68] Sun et al (2002) conducted a study to determine the percutaneous 

absorption of four compounds, including lead sulphate, lead oxide, inorganic lead 

powder, and lead stearate. Lead absorbed through the skin was measured in the upper 

layers of the stratum corneum of 10 lead-battery workers using the method of skin 

stripping. Amounts of lead significantly increased on skin strappings of the dorsal hand 

and the back of the lead workers. The amount of lead on the dorsal hand and in the blood 

was significantly correlated, and the authors concluded that lead was gradually absorbed 

into the skin from such occupational exposure. [69] 

 

Once lead enters the human body, it is generally absorbed into the blood and distributed 

throughout the body. Lead circulates, accumulates and is finally excreted as waste. The 

amount of lead stored in the body has been identified as ‘lead body burden’. Total lead 

body burden in an individual depends on many factors such as the level of lead exposure, 

lead levels in storage tissues, exposure duration and excretion rate from the body. With 

respect to storage tissue, about 95% and 70% of the total lead stored in adults and 

children is stored in bone, 69% of which can be found in cortical bone, while 23% is 

found in trabecular bone. [70] Because lead levels in cortical bone have a long half life of 

approximately 10 years compared to 1 year for trabecular bone, the former can be used to 
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identify long-term lead exposure. [71, 72] Soft tissues such as the liver, kidney, pancreas 

and lung absorb around 8% of the dose. Tsuchiya (1979) reported that 90% of absorbed 

lead is found in bone. [70] 

   

It is known that lead transported into blood and soft tissues can move into the placenta 

during pregnancy. A study in Australia found that 79% of the lead concentrations in cord 

blood could be transferred from infant to women’s bones during pregnancy. [73] Sources 

of lead in breast milk include that from maternal bone and the diet. Gulson (1998) 

indicated that lactation increases the release of lead from bone. [74] 

 

Lead is largely excreted in urine and faeces via the kidneys and the intestine. Glomerular 

filtration eliminates up to 76% of total lead; 16% is eliminated via bile, pancreatic and 

intestinal excretion; hairs, nails and perspiration excrete less than 8% of lead. [75] 

Unabsorbed lead is mainly excreted via the faeces. [70] However, faeces lead levels are 

not a reliable indicator of lead body burden since they illustrate largely unabsorbed lead 

dose. Dermally absorbed lead can be excreted by sweating and inhaled lead may be 

excreted by normal exhalation. Other routes for excretion are via saliva and breast milk. It 

should be noted that adults can excrete up to 99% of lead over time but children can only 

excrete 32%, the rest being retained in bone and teeth. [63] 

 

2.1.6 Lead and Health Effects 

 

Lead can cause a variety of health effects including acute and chronic conditions in many 

systems of the human body. However, these adverse effects depend on the characteristics 

of the exposed individual, dose, and the duration of exposure to lead. The main acute and 

chronic effects are discussed in the next sections. Chronic effects are discussed below in 

greater detail because this study involves a biomarker identifying long term lead 

exposure.  

 

2.1.6.1 Acute effects 

 

Acute lead poisoning is relatively rare, and occurs when people have been exposed to 

large amounts of lead which is absorbed into the body over short periods of time. 

Tsuchiya et al (1979) indicated that acute effects of lead toxicity are found at BLLs above 

http://en.wikipedia.org/wiki/Symptom
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80μg/dL. Symptoms of acute lead poisoning include intestinal colic, anorexia, dyspepsia 

and constipation. Intestinal colic is the first symptom of acute effects, with subsequent 

loss of appetite, nausea, constipation and abdominal pain. [70, 75] Patients with acute 

lead toxicity become pale due to capillary spasms of the skin, have low pulse rates and an 

increase in blood pressure is common. Acute lead encephalopathy occurs at BLLs 

between 80 to 300μg Pb/100ml. [75] The symptoms of lead encephalopathy are 

disorientation, cerebral oedema, vomiting, ataxia, hyperkinesis and drowsiness. [70, 75] 

Acute effects of occupational exposure to inorganic lead have decreased considerably due 

to protective measures and occupational standards. In developed countries, it is now quite 

rare to encounter cases of acute lead poisoning. 

 

2.1.6.2 Chronic effects 

 

Lead exposure leading to acute effects has gradually declined in most developed counties. 

However, long term low levels of exposure seem likely to continue to pose health risks. 

The most important chronic effects include impacts on the nervous system, and the 

haematological system as well as renal, reproductive effects, oral health effects, and other 

effects including hypertension and cancer. 

 

Over the past thirty years, many studies have reported on the neurological effects of lead 

in children exposed from the environment. In the late 1970s, Needleman and colleagues 

(1979) reported an inverse relationship between dentine-lead levels and the 

neurobehavioral development of children. [76] In a follow-up study of the same cohort 

eleven years later, Needleman et al (1990) re-examined nearly 50 percent of young adults 

who had been studied in the earlier research, and reported that those who had higher 

dentine lead levels (>20ppm) had a significantly higher risk of failure to complete high 

school and lower reading ability compared with those who had dentine lead levels less 

than 10ppm. [77] A subsequent cohort study investigated the same participants aged 19-

20 years, and found neurological deficit in those with higher childhood dentine-lead 

levels. [78] 

 

A case study conducted by the Agency for Toxic Substances and Disease Registry 

(ATSDR) among children with low and moderate blood lead levels (10-50g/dL) showed 

that lead is associated with decreased rates of growth as well as nervous and blood system 
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dysfunction. In adults, such exposure leads to elevated blood exposure, and nervous and 

reproductive dysfunction. [29] In 1991, the US Centers for Disease Control and 

Prevention determined that the acceptable blood lead level in children (BLL) was 

10g/dL. [79] However, evidence suggests that subtle effects can occur at even at level 

below 10g/dL . [10, 30] 

 

Evidence suggests that lead-associated intellectual deficits occur at very low blood lead 

levels, even below the WHO guideline value of 10μg/dL. [4, 10, 80] A systematic review 

of 7 and 14 cross sectional studies of tooth and blood lead levels respectively reported a 

doubling of BLLs from 10 to 20μg/dL or from 5 to 10μg/g tooth lead levels were 

associated with a deficit of intelligence quotient (IQ) of 1-2 points. [80] A more recent 

study by Canfield et al (2003) demonstrated that blood lead concentrations lower than the 

WHO and CDC guideline of 10μg/dL were inversely related to IQ. BLLs in 172 children 

at 6, 12, 18, 24, 36, 48, and 60 months of age were measured and intelligence tests 

undertaken at the ages of 3 and 5 years. Each increment of blood lead concentrations of 

10μg/dL was linearly associated with a decrease of around 4.6 IQ points. [4] 

 

The control of lead at work regulation in the UK (2002) provides the guideline of 

occupational exposure limit for lead in relation to an 8-hour time-weighted average 

working period. Concentrations of lead alkyls and other lead types in the atmosphere to 

which any employee is exposed of 0.10mg/m
3
 and 0.15mg/m

3
. For the assessment 

process, BLLs are measured in these potentially exposed to lead. BLLs in women of 

reproductive capacity and other employees should not exceeded 20μg/dL and 35μg/dL. 

[81] 

 

With regard to the haematological system, a relationship exists between environmental 

lead exposure and iron deficiency anaemia. Chronic lead exposure contributes to anaemia 

because lead interferes with haemoglobin synthesis. [75] Wright et al examined the 

association between iron deficiency and low-level lead poisoning of 3,650 children aged 

9 to 48 months in an urban primary care clinic. Children with high blood lead levels 

(>10μg/dL) had a greatly increased risk of iron deficiency. [82] Subsequent cross-

sectional studies have also reported a link between BLLs and iron deficiency anaemia. 

[83, 84] Lead is a cation substance, and its metabolism is influenced by similar factors to 

those that affect calcium metabolism. Thus, mineralised tissues are storage areas for lead. 

[85] 
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Concerning renal effects, previous studies have revealed that exposure to lead causes 

renal dysfunctions, including interstitial fibrosis, tubular atrophy, reduced glomerular 

filtration and nephritis. [86, 87] Recent reports indicate that lead may be nephrotoxic at 

lower concentrations than those formerly believed [88] with  evidence that blood lead 

levels as low as 10g/dL can result in renal tubular damage. [89]  

 

Numerous studies have attempted to explain the correlation between blood lead levels and 

renal function including blood-urea nitrogen, serum creatinine and urine. [88, 90-92] A 

two-year prospective study of 121 patients with chronic renal deficiency and no history of 

lead exposure, showed an increase in the serum creatinine levels with increasing BLLs. 

[91] Similarly, an examination of data in the Third National Health and Nutrition 

Examination Survey (NHANES III) in the USA, by Muntner et al (2003) found that lead 

exposure in persons with hypertension was strongly related to elevated serum creatinine 

and chronic kidney disease defined by a glomerular filtration rate (GFR) less than 

60mL/min estimated using the Modification of Diet in Renal Disease (MDRD) formula. 

[93] A cross-sectional study of occupationally exposed workers in a lead battery factory 

reported a strongly positive correlation between BLLs and serum creatinine as well as 

uric acid. [90] These two indicators are used as indicator of renal dysfunction, if the 

abnormal values are found assuming an increasing trend of lead exposure. 

 

This evidence convincingly indicates that low-level environmental lead exposure may 

increase renal deficiency, and these effects may be exacerbated by other health conditions 

such as hypertension.   

 

With regard to hypertension, long-term exposure to lead has long been known to be 

correlated with an increased risk of hypertension both in the general populations and 

among pregnant women. [94-97] In a cross-sectional study of 2,165 adult participants, 

Nash et al (2003) found a positive association between increased diastolic blood pressure 

and blood lead levels. [96] Likewise, Rahman et al (2006) investigated the effects of low-

levels of exposure to lead on the blood pressure of 244 Pakistani adults, and found that an 

increase in systolic blood pressure was significantly predicted by increased BLLs. [98] 
Previous studies reported that the prevalence of hypertension is associated with 

occupationally exposed people living in industrial areas with lead contamination. [99]. 

Studying the relationship of blood and tibia lead levels with systolic and diastolic blood 

pressure and hypertension in a cross-sectional analysis of 964 men and women aged 50–
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70 years, Martin et al (2006) found that tibia lead was only marginally associated with 

hypertension status after adjustment for race/ethnicity and socio-economic status. [100] 

However, other studies found inconsistent associations between BLL and hypertension 

and suggested that because lead in blood has a short half-life and indicates only recent 

exposure, BLL may not reflect overall exposure. [101]  

 

Reproductive effects have been widely reported to be associated with lead exposure 

mainly following occupational exposure. High blood lead levels may result in abortion 

and pre-term delivery in pregnant women, and can decrease fertility in men. [63] Borja-

Aburto et al (1999) reported that low to moderate levels of lead exposure may increase 

the risk of spontaneous abortion. A case-control study of 668 pregnant women in Mexico 

City was conducted using interview data and blood lead levels. Spontaneous abortions 

before week 21 (n=35) were matched with pregnancies that survived beyond week 20 

(n=60) for maternal age, hospital, date of enrollment, and gestational age at enrolment. 

Mean BLLs were significantly different, and the odds ratio for spontaneous abortion was 

1.8 (95% CI=1.1, 3.1) for every 5µg/dL increase in blood lead levels. [102] Some animal 

studies also support these findings. [103] Lead has also been associated with low birth 

weight and other reproductive effects. [104] An inverse relationship has been found 

between dietary calcium uptake and lead absorption, implying that children with calcium-

deficiency seem likely to absorb greater levels of lead than calcium-sufficient children. 

[53] 

 

Cancer has also been reported to be associated with lead exposure. The International 

Agency for Research on Cancer (IARC) has identified lead and inorganic lead 

components as Group 2B: probable human carcinogens, however these conclusions are 

based on animal studies which mostly used high doses of lead. [53] Current evidence of 

the carcinogenicity of lead in humans remains inconclusive. [105, 106] Studies of the 

relationship between occupational lead exposure and cancer are often limited due to 

confounding exposures such as other chemical exposure (arsenic, cadmium) and smoking. 

To explore the relationship between lead toxicity and stomach, brain and lung cancer, 

meta-analyses of epidemiological studies have been conducted, which controlled for 

confounding factors. No consistent association was found between environmental lead 

contamination and cancer. [107-109]  

 

http://en.wikipedia.org/wiki/International_Agency_for_Research_on_Cancer
http://en.wikipedia.org/wiki/International_Agency_for_Research_on_Cancer
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Although epidemiological studies do not convincingly demonstrate the carcinogenicity of 

lead, some experiments on animals do provide evidence that lead exposure increases the 

risk of tumorigenesis. The proposed mechanisms of lead carcinogenicity involve DNA 

damage, clastogenicity and the inhibition of DNA synthesis or repair, as well as changed 

gene expression. [110] 

 

The influence of oral health have been demonstrated. Several studies have examined the 

relationship between environmental lead exposure and dental caries. [111-113] An early 

study undertaken by Curzon (1983) looked at the prevalence of caries in populations 

having high lead levels in both soil and water compared with control groups. Children 

residing in high-lead environments presented a 40% greater prevalence of caries. [111] In 

addition, in the US Third National Health and Nutrition Examination Survey (NHANES 

III), a relationship between BLL and the risk of tooth caries was reported. An increase in 

BLL of 5g/dL was correlated with approximately twice the risk of dental caries. [114]  

 

2.1.7 Global distribution for human exposure to lead 

 

The prevalence of lead exposure and exposure levels vary between countries. In most 

developed countries there has been a steady reduction of BLLs due to a decrease in lead 

use. Nevertheless, high BLLs in children are still found in most developing countries. 

Low-income countries account for the highest BLLs and largest lead body burden. [115] 

In 2004, WHO revised the global burden of disease and found 16% of children worldwide 

had BLL>10µg/dL. Of all children who had elevated BLLs, almost 90% lived in the low-

income areas. [115] A longitudinal study reported that in Bangkok, Thailand, mean BLLs 

in 564 primary school children were 9.3±3.7g/dL, although 27.4% of the children had 

BLLs higher than 10g/dL. [34] Another study of primary school children in Jakarta, 

Indonesia, showed a mean BLL of 8.6g/dL, where 35% of the children had BLL greater 

than 10g/dL. [33] Such reports indicate that high BLLs still occur in middle and low-

income countries.  

 

In addition, highest BLLs were associated with plumbosolvent water. This study is 

similar to other epidemiological studies found that geographical, environmental and 

personal factors influence BLLs in people. 
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There remain some of the world’s most polluted areas is the developing world in La 

Oroya, a mining town in Peru. A metal smelter has operated for more than ninety years. 

Since 1922, people in this area have been exposed to polluted emissions and waste. Metal 

smelting and toxic emissions from mining and processing operations have resulted in high 

lead levels potentially affecting 35,000 people living around this town. According to a 

survey undertaken by the Peruvian Ministry of Health in 1999, the average BLL in 

children aged 6 months to 10 years was 33.6µg/dL, over three times higher than the WHO 

guideline of 10µg/dL. This finding indicated that children are being exposed to high 

levels of lead and the neurological effects of this are a serious concern. Other pollutants 

such as sulphur dioxide also exceed the WHO limit, and contamination by other metals 

including lead, arsenic and cadmium are likely to compound the situation. Environmental 

management plans for the processing plant, including site remediation and emission 

control systems, have been proposed since 2004, but not yet implemented. The local 

authorities implement blood screening and testing for vulnerable people, especially 

children and pregnant women in order to monitor BLLs in the region, but additional 

pollution control procedures and public health programmes are urgently required in this 

highly-polluted area. [8, 116]  

 

Port Pirie, a mining town in Australia is another example of a high pollution area and one 

which provided much insight into the association between environmental lead and 

neuropsychological development in early childhood. Over 600 children born between 

1979 and 1982 were recruited into a cohort study, BLLs were collected and measured 

during post natal periods at 6, 15 and 24 months of ages. The results indicated an 

association between blood lead levels and mental development at 2 years of age. [117] 

 

2.1.8 Factors influencing human lead exposure 

 

There is a substantial amount of evidence to suggest that lead exposure in humans is 

associated with various factors including demographic, environmental and socio-

economic variables. [33, 118-120] This section provides information concerning the 

different factors which influence human lead exposure, and which were explored in the 

Tooth Fairy Study. 
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2.1.8.1 Demographic factors 

 

Several studies suggest that BLLs are related to age. [5, 121, 122] A cross-sectional study  

to determine mean blood lead levels and their sociodemographic correlates in 13,201 

American children aged 1 year and older examined during the first phase of the National 

Health and Nutrition Examination survey (1988 to 1991) reported that younger children 

aged between 1 and 5 years had higher BLLs than older children. [123] BLLs are thought 

to be higher in younger children at around 1-2 years old due to their hand to mouth 

behaviour. [79, 124]  

 

Some studies have reported sex differences in BLLs. Yapici et al (2006) studied 236 

children aged between 6 months and 6 years, living around a coal-mining area in Turkey. 

[7] Mean BLLs in boys (38.8 ± 16.0 g/dL) were significantly higher than those in girls 

(33.8 ± 15.6g/dL) (p<0.05). In addition, a study of the determinants of BLLs over 

10g/dL in primary school children in Bangkok reported an odds ratio of 1.86 for males 

compared to females. [23] However, a report of lead levels in 143 permanent teeth in 

non-occupationally exposed people aged 14-60 years in Israel showed no statistically 

significant difference between tooth lead levels in men and women. [125] This finding 

supports research conducted in Australia and Taiwan. [126, 127] A possible explanation 

for such differences findings is that lead dose is not only determined by sex, but also 

physiological and lifestyle factors in children and adults.[128]  

 

Lead levels can differ between people of different ethnicities living in similar 

environments. A study of adults between 50 and 70 years in Maryland, USA (n=1,140) 

suggested that lead levels in the tibia bone of African Americans were 29% higher than 

those in European Americans. [129] In addition, a survey evaluating BLLs in children 

(aged 1-5 years) at risk of lead poisoning during a 16-year period in the United States, 

found that a high BLL is a risk factor of lead exposure in non-Hispanic black people 

compared to non-Hispanic white people. It seems probable these results are due to 

differences in socio-economic circumstances, such as living in old residences which may 

contain lead paint and/or water pipes. [130] 
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2.1.8.2 Socio-economic and occupational factors 

 

A relationship exists between socio-economic factors, such as family income, and lead 

exposure. [122] In UK, a survey of BLLs carried out in 8,500 people found that BLLs 

were significantly associated with social class especially in children aged 2- 4 years old. 

[131] An analysis of data from the Third National Health and Nutrition Examination 

survey between 1988 and 1994 examined 3,325 Mexican-American children aged 1 to 17 

years. The poorest children were 5 times more likely to have a BLL greater than 10g/dL 

compared to the wealthiest group. [122] One possible explanation for this finding is that 

more low-income families live in older homes with lead paint. In addition, malnutrition 

leads to an increasing of lead absorption in those poor people. [132] Other studies have 

also shown associations between human lead levels and levels of education and 

socioeconomic status. [133, 134]  

 

Parental education is another indicators of socio economic status, has also been shown to 

associate with lead exposure. [135] A study of lead poisoning among African and Arab 

American children found that elevated BLLs are associated with low educational levels of 

their parents. [132] 

 

Occupational lead exposure is known to be the major source of lead poisoning in adults, 

but occupational lead exposure is also hazardous to individuals residing with the exposed 

worker. [136] Occupational lead exposure still occurs in developed countries, but is a 

particular risk in developing countries. [7, 137] In cottage industry settings especially 

occupational exposure also impacts on children in the household. An investigation of lead 

exposure in household members exposed to battery repair environments in Jamaica 

reported BLLs≥25g/dL in all age groups, where 43% of the children aged less than 12 

years had BLLs exceeding 70g/dL. It seems possible that high BLLs are due to high 

concentrations of contaminated lead in soil and dust on exposed surface. [138] Other 

researchers have identified similar trends, where living or working in areas exposed to 

high lead concentrations, such as shipyards, mines, or radiator repair, results in elevated 

human lead levels.  [139, 140] 

 

Previous studies have demonstrated a relationship between high dental lead levels and 

occupations involving the use of lead. One cross-sectional study showed that a major risk 
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factor for high enamel lead levels is having a household member work in the 

manufacturing of paints, paint pigments, ceramics and batteries. Household members or 

parents can bring home lead-dust contamination via their skin, hair, clothes and shoes. 

[141] It has also been reported that car repair activities in homes, yards and gardens may 

be associated with the contamination of soil with lead. [142]  

 

2.1.8.3 Hand to mouth behaviour and soil 

 

A possible pathway for exposure to lead in children is the ingestion of lead from soil via 

hand to mouth behaviour. Excessive mouthing behaviour, for which the term ‘pica’ has 

been introduced, is an abnormal behaviour involving eating something that is not 

normally eaten. Children who practice pica are likely to ingest non-food substances such 

as clay, dirt, sand, stones, paint chips, coal, wood or plaster. A previous study in 1976 has 

suggested that around 50% of young children aged 1-3 year old exhibited such 

behaviours. [143] A longitudinal study of dentine lead levels, intelligence, school 

performance and behaviour in children found that children with a history of pica had 

higher DLLs than those who did not. [133] In addition, children who engage in pica in 

association with contaminated soil or house with lead containg paint might be expected to 

receive considerable lead exposure resulting in elevated BLLs. [144]  

 

Several studies have focused on soil as a major factor in child’s exposure to lead. A 

survey of soil contamination in domestic gardens and allotments in 50 cities across 

England, Scotland and Wales concluded that lead, cadmium, zinc and copper were the 

most significant hazards in garden soils. [145] Urban soils have contaminant enrichment. 

[146-148] The major sources of lead pollution in urban soil are vehicle exhaust emissions 

and paint containing high levels of lead. [46] Regarding soil lead exposure in the present 

study, Newcastle is located on the river Tyne and has been a highly industrialised city in 

the past. Heavy metals including lead in soils and allotments were found, [149] results 

from a study particularly on soil lead levels were used to discuss possible pathways of 

children lead exposure in the Tooth Fairy study. [149] 

 

In the UK, soil guideline values (SGV) for lead as a function of land use are defined by 

the Environment Agency [150]. The SGV for residential areas with or without plant 

uptake as well as in allotments is 450mg/kg while that for commercial and industrial land 

use is higher, at up to 750mg/kg. Based on a study of soil lead levels taken from 163 
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samples in the Byker area of Newcastle, the median soil lead was 234.5mg/kg 

(mean±SD=350±472mg/kg). It was noted that the maximum value of lead concentration 

in soil in the Byker study, 4,134mg/kg was far higher than the relevant SGV, and 37% of 

the samples taken contained soil lead levels ranging between 443-615mg/kg. [151] 

 

2.1.8.4 Residential areas and house conditions  

 

Several studies have found higher lead levels in those living in older houses where lead-

based paint remains an important source of lead exposure. [152] [79] Although 

regulations limiting lead in paint have resulted in decreasing levels of lead being found, 

lead paintwork in houses remains often in deteriorating condition meaning exposure to 

lead is still possible. [153]  

 

Land use near to and within residential areas is a potential source of lead exposure. Mean 

teeth lead values in Brazilian children living in an industrial area were significantly 

higher than those in non-industrial areas at 169g/g and 118g/g respectively. [154] In 

the Czech Republic, children living in areas with heavily contaminated soil had high tooth 

lead levels (6.44g/g) compared to those living in the less contaminated area (1.45g/g). 

[155] Mean lead levels in deciduous teeth of Egyptians in urban and rural areas were 7.96 

± 5.20g/g and 4.97 ± 3.77g/g, respectively. [156] 

 

House dust has been studied widely as a potential source of lead exposure, especially to 

young children. [157] It is known that activities in houses such as the disruption of 

surfaces, window replacement, demolition and renovation, are likely to generate elevated 

lead dust on the house’s floors and indoor surfaces. [158] If these houses are not cleaned 

properly, amounts of lead dust will remain on carpets or windows, doors, stairs and 

furniture. 

 

2.1.8.5 Dietary intake 

 

Most lead ingested into the human body comes from food. Contamination drinking water 

has also been found to be associated with lead dose especially where drinking water is 

supplied using lead pipes or lead soldered joints. [159] In the UK, lead contamination 

from drinking water pipes has been found especially in the houses built before 1930s 
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which usually have lead water pipes. [153] The water supplies to the houses usually pass 

through the main pipe lines, and smaller lines subsequently deliver the water from the 

main line to each house. [160] Over several decades, lead pipe lines have been replaced 

during renovation. During such renovation, high lead levels in tap water were found. One 

study noted that lead leaching from the surface of lead lines increased when changing 

from chlorine to chloramines, disinfectant products resulting in higher lead levels in tap 

water. [161]  

 

Bottle-fed infants may suffer substantial lead exposure if the water used to make up their 

formula is contaminated by lead. A study in the Netherlands indicated that bottle-fed 

infants are at risk of lead exposure, especially if fed formula in the first six-months. [162]  

 

The association between lead and dietary calcium has been studied widely in animals and 

humans. [163-165] Calcium is a major nutrient in milk and dairy products, and calcium 

sufficiency protects absorption against lead. Insufficient dietary calcium can increase lead 

absorption in human. Consistent with this, the CDC found that children with elevated 

BLLs are at greater risk of poor nutrition. [152] However, some observations suggest an 

inverse relationship between higher calcium intake and greater levels of lead exposure.  

 

Iron is another micronutrient found to affect metal toxicity. Iron interacts with heavy 

metals in vivo leading to changes in how they are metabolised and transported. Little is 

known about the interaction between lead exposure and nutrient status, but it seems likely 

that iron deficiency increases lead susceptibility via the greater absorption of lead. [82, 

164] Iron deficiency is a malnutrition problem found worldwide. As a result, a substantial 

number of studies have been conducted concerning the public health problems of lead 

toxicity in iron deficient people. [82, 164]  

 

2.1.8.6 Health 

 

Health conditions documented to be related to lead exposure include asthma and eczema 

disease. Although the pathological mechanisms linking asthma and lead are not clear, 

higher blood lead concentrations may be associated with excessive immunoglobulin E 

which possible increasing risk of asthma. [166] Some American studies have suggested 

elevated lead levels and increased risk of asthma are more commonly observed in low-

income children indicating that these vulnerable groups are more susceptible to heavy 
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metal exposure and its impacts. Another health condition linked to lead exposure is 

eczema, a common skin disease, the incidence of which has been increasing in developed 

countries, [167] with environmental, hygiene and dietary factors being associated with its 

occurrence. A previous study has reported that serum lead levels were positively 

correlated with eczema severity. [168] 

 

BLL is commonly used to determine the heath effect. The CDC has recommended a 

blood-lead level of 10 g/dl in children as acceptable, but levels above this require 

preventive intervention. According to the CDC recommendations, for example, if 

children have blood lead levels between 10 and 14µg/dL, blood lead testing should be 

repeated every 3 months. In addition, advice on reducing lead exposure should be 

provided to parents. For children who have BLLs of 15 to 19µg/dL, blood lead testing 

should be repeated every 2 months, and potential lead sources as well as histories of lead 

exposure should be considered. Parents should also be given guidance about interventions 

to decrease BLLs, such as environmental lead reduction and nutritional intervention. 

Moreover in children with BLLs≥20µg/dL, individualized case assessment should be 

considered, such as physical and nutritional assessment, the investigation of 

environmental lead exposure and medical histories. Medical intervention such as 

chelation therapy may be required in severe cases. [135] 

 

2.1.8.7 Other factors 

 

Smoking is another potential source of lead exposure. Exposure to lead may occur 

through inhalation of lead contaminated smoke particles as well as by often hand to 

mouth contact especially in an occupational setting where lead exposure exists. [169, 170]  

 

Several other factors have been reported to influence lead levels in humans include eye 

cosmetic products and leaded ceramics. [171-175] One such cosmetic is Kohl, also 

known as kajal, al-kahl or surma, used as makeup for the eyes, predominantly by women 

in Asia, the Middle East and most areas in Africa except for South Africa. [172, 176, 177] 

Kohl is a powder containing a mixture of antimony and lead sulphide. Since antimony is 

expensive, lead sulphide has replaced antimony in manufacture. For followers of the 

Islamic religion, kohl was applied to infants until recently. One comparative study 
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revealed that infants (6-16 months old) to whom kohl was applied had significantly 

higher BLLs than infants without this exposure. [178]  

 

In the UK, the first report of lead poisoning from eye cosmetic use in a 3-year-old Indian 

boy, this child was admitted to hospital with lead encephalopathy, and a BLL of 

178µg/dL was identified. X-ray analysis indicated lead in the long bones and intestinal 

opacities, suggesting ingested lead. His mother and 5 years old sibling also had high 

BLLs of 65µg/dL and 72µg/dL, respectively. [179] An investigation of the housing 

conditions was unproductive since they had recently moved. A possible pathway for lead 

exposure was the mascara-like substance applied to their eyelids. A sample of the powder 

from India was found to contain 80% lead sulphide. Following this serious case several 

reports of lead poisoning from this cosmetic in many areas, in particular in Asia and the 

Middle East, have been tested. Although kohl is more commonly used in certain areas, it 

is also available in the USA and Britain, implying that the use of this hazardous substance 

is not limited to developing countries. It would be worth promoting the use of lead-free 

kohl in order to ensure lower exposure to lead. [178]  

 

Lead glazes are most commonly used on ceramics and they produce attractive glazes. 

When use glazes are properly formulated and fired to sufficient temperature, the lead is 

sealed. Nevertheless, if these products are not prepared properly, lead can leach into food 

in contact with on the ceramic ware. The degree of leaching varies depending on how 

often tableware or ceramics are warmed and used. In addition, food containing acidic 

ingredients is more likely to be affected. [180] 

 

2.2 Biological monitoring of trace elements 

 

2.2.1 Introduction 

 

Biological markers (biomarkers) are cellular, biochemical, and molecular alterations 

which are measured in biological compartments such as human tissues, cell or fluids. 

[181] Biomarkers commonly include biological characteristics that can be assessed and 

measured as bioindicators of biological, pathogenic and pharmacological processes 

following therapeutic intervention, occupational and environmental exposure. [182, 183] 
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Biomarkers can be defined according to their role into three classes: biomarkers of 

exposure/dose, effect (or response) and susceptibility. Biomarkers of exposure are 

primarily indicative of the dose or amount of toxin circulating systemically or within a 

specific compartment of the body. These biomarkers can reflect short or long-term 

exposure or dose depending on the toxin, media and metabolism. Biomarkers of effect or 

response measure the biological changes in an organ or system as a result of exposure to a 

specific toxin. Lastly, biomarkers of susceptibility indicate an individual susceptibility to 

toxicity. These involve relevant factors such as acquired ability, or genetic markers that 

reflect susceptibility to toxins. [184] 

 

Biological monitoring refers to the systematic measurement and assessment of agents and 

metabolites in either tissues or secretions in order to assess the uptake of chemicals and 

better assess risks to human health. [185] 

 

The main purpose of the biological monitoring of metal toxins include the measurement 

of current and past levels of exposure as a body burden, determine both individual and 

group risk, provide data on dose-response relationships, and assess the potential benefits 

of medical treatment. [185] Biological monitoring requires suitable media which can be 

collected and analysed in order to provide this information. 

 

2.2.2 Biomarkers for monitoring lead exposure 

 

Biomarkers used to assess human lead exposure include measures of lead in blood, hair, 

saliva, nail, bone and tooth. Each marker has strengths and weaknesses depending on the 

propose of use. [5] This section provides a review of various biomarkers for 

environmental and occupational lead exposure which have been reported in the literature. 

 

2.2.2.1 Blood and plasma 

 

Whole blood lead level is the primary biomarker most commonly used to determine 

human lead exposure. [5, 29] Most epidemiological studies have used BLLs as the 

biological marker of exposure. Several studies have explored the association between 

BLLs and different health effects, including deficits in IQ, growth development, renal 

function, hypertension and oral health [91, 186, 187], as discussed in Section 2.1.6. 
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Around 95% of lead in blood is found in the erythrocytes (bound to haemoglobin), where 

it is in dynamic equilibrium with lead in plasma. [188] Although BLL is the current 

standard biomarker, lead in blood has a short half-life of around 28-36 days [189], and 

evidence suggests about 20 days in children [14, 190] and 40 days in adults. [14] The 

half-life of lead in plasma is even shorter, at 1 hour. [191] Lead in plasma is in 

equilibrium with extracellular compartments and is therefore an indicator of lead levels in 

soft tissues. However due to its low lead levels, plasma as a biomarker to identify lead 

exposure is of limited application using currently available analytical methods. The 

relationship between blood lead and plasma lead is complicated. There is a linear 

association at BLLs lower than 40g/dL; however, a curvilinear relationship has been 

found above this level. [192]  

 

Even though BLLs are commonly used, there are limitations to this biomarker 

particularly as a measure of long-term exposure. Due to its short half-life, a measurement 

of blood lead can only provide an indicator of recent exposure i.e over preceeding 

months. In addition, the relationship between BLLs and other metabolic effects such as 

heme and nucleotide synthesis is nonlinear. [71] Moreover, there is a reversible exchange 

of lead between blood, bone and soft tissues, so that a single measurement of blood lead 

cannot distinguish low levels of long term exposure or short-lived high levels of 

exposure. To overcome this limitation, some studies suggest the determination of serial-

blood lead, where data can be used to calculate an average BLL over a lifetime, named 

the ‘lifetime average integrated blood lead level’. [189] While this approach might be 

useful in assessing occupational exposure, they are obvious practical and ethical issues in 

applying such as approach in large scale epidemiological studies. 

 

2.2.2.2 Urine and Faeces  

 

Due to the excretion of lead in urine, urinary lead levels provide a noninvasive biomarker 

of lead exposure, although urinary lead is normally considered less reliable than BLL for 

the measurement of lead exposure. [71] Urine lead levels are not a good proxy for BLLs 

(the gold standard) because they are not correlated at low lead levels, [193] and using 

urine as a marker is potentially contaminated during sampling process.  
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Despite the limited use of urinary lead levels for the biological monitoring of 

environmental lead exposure, the chelatable lead excreted in urine is regarded as a crucial 

marker of lead toxicity since it is known to be significantly associated with the symptoms 

of lead poisoning. [71] After the administration of chelating agents such as calcium 

disodium ethylenediamine tetraacetic acid into the human body, levels of chelating lead 

can be determined within 24 hours. [71] Other studies have explored various metabolites 

or substances in urine in response to lead exposure, such as microglobulin and 

coproporphyrin, but these methods are not specific to lead and their reliability as 

clinically relevant markers is not clear. [194]  

 

A study in young children found a significant relationship between lead paint and faecal 

lead excretion. [195] In addition, this non-invasive biomarker can be used to assess lead 

concentrations in animals. However, using faecal lead levels may be biased by types of 

food intake and behaviour. [196] Therefore, faecal lead  is not widely used in current 

research.   

 

2.2.2.3 Saliva 

 

Saliva is also easy to collect and can be used to monitor lead exposure [5, 197], although 

there are concerns about the validity of this biomarkers. Within the oral cavity, high lead 

concentrations influence the salivary secretion of protein, calcium and enzyme, but the 

ion composition of also saliva changes during the day, particularly at meal times. High 

lead concentrations may therefore influence neurological and emotional status, changing 

saliva quality and quantity. [197] Although these changes may also occur independent of 

lead exposure, therefore, there is a need to clarify the value of using saliva to measure 

lead exposure. 

 

In addition to the issues noted above, regarding interpreting salivary lead levels, the half-

life of lead in saliva is known to be shorter than that in blood. [198] One study found a 

rapid decrease of salivary lead concentrations in 5 male workers occupationally exposed 

to lead, suggesting half-life of lead in saliva of 5-7days. Cleymaet et al also examined 

salivary lead concentrations over a very short period, and found a short half-life of only 1 

hour. [199] 
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The evidence suggests that the validity of using saliva to determine environmental lead 

exposure could be confounded especially by metallic dental restoration and intra-oral 

orthodontic equipment. [200] Therefore, it has been suggested that salivary lead 

measurement is of limited use for assessing chronic low-level exposure.  

 

2.2.2.4 Sweat 

 

Skin lead absorption is a key route of exposure in occupational setting such as lead 

battery factories or smelting workplaces, [90, 201, 202] and sweat is a particularly 

important route for eliminating dermally absorbed trace metals, including organic lead, 

from the body. [202-207] 

 

Omokhodion et al measured levels of lead in the sweat, blood, urine and saliva of 24 

healthy men All subjects were thermally induced to sweat by sitting in a hot chamber at 

40-45C, with 35% relative humidity, for 1 hour. Sweat was collected using the arm bag 

method. Mean lead levels were in the order of blood>urine>sweat>saliva. There was a 

significant relationship between blood and sweat lead levels (r=0.7208). On the other 

hand, only weak correlations between blood and urinary lead levels (r=0.234), and blood 

and saliva (r =-0.1864) were reported. [207] These findings disagreed with those of 

Omokhodion and Crockford who applied lead chloride orally to two adults. Sweating was 

induced by cycling in a hot chamber, and sweat was collected in polythene arm bags. 

Although there were marked increased lead levels in the blood and urine, no increase in 

lead levels in sweat was detected. [206] 

 

Results from such studies indicate that lead levels in sweat can be used as a biomarker to 

indicate exposure to lead. Lead levels in sweat are more useful in detecting acute dermal 

exposure to lead, where blood lead levels may be unreliable.  

 

2.2.2.5 Hair   

 

Lead has been widely measured in hair with the purpose of detecting excessive levels of 

exposure from environmental contamination. [208] Hair lead levels have been showed to 

correlate with levels in blood and bone. [209, 210] Many researchers have reported the 

advantages of measuring levels of lead in hair. It is convenient and non-invasive to 
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collect, and it is easily transported and stored for later analysis. [211] Moreover, retention 

times of lead in hair has been determined to be between 3 and 5 months, [210, 212] 

suggesting that lead levels in scalp hair may reflect longer periods of exposure than those 

in blood. [213] In a Russian study of 189 kindergartens children, mean blood lead levels 

(9.8g/dL) were higher than hair lead levels (7.2g/g). Moreover, the authors concluded 

that measuring hair lead levels was not a suitable method for screening children for lead 

poisoning owing to low sensitivity (57%), and a high degree of false-negatives (18%). 

[214] A drawback of this approach is that the washing of hair samples during preparation 

which may cause lead concentrations to fall. [215] Additionally, different washing 

methods may affect lead levels differently, so results obtained using different approaches 

are difficult to compare. [215] 

 

Hair lead levels vary significantly within each individual. A considerable volume of 

literature has been published which reports correlations between blood and hair lead 

levels. [216] Despite these possible limitations, hair lead concentrations have been used in 

various epidemiological studies. [217-220] Several factors have been found to influence 

hair lead levels, including age, sex, smoking, hair cosmetics, place of residence, and adult 

occupational exposure. [211, 217, 221-223] Some studies suggest that hair lead 

concentrations are higher in people living in exposed areas such as intensive traffic, 

urban, industrial areas than those from less contaminated areas or rural zones. [212] 

Recent evidence suggests that occupational exposure such as among workers in 

automotive or lead refining plants are more likely to have higher hair lead levels than 

others. [220, 224]  

  

Lead has been found in many hair cosmetics such as hair treatment and henna [225, 226], 

and the long term use of these products possibly increases exposure to lead. For example, 

a study in Kuwait evaluated lead levels in henna, a reddish-brown substance used to 

change the colour of hair. Low lead concentrations at between 2.29 and 65.98 ppm were 

found in twelve commercial hennas. [225] The absorption of lead from hair colouring 

agents may represent around 0.5% of the total absorption from the average daily 

environmental lead intake [227] meaning long term users of such products may be 

exposed to low lead exposure. 

 

It appears that hair lead measurement as indicator of internal dose may be of limited use 

due to external contamination and the impact of sample preparation techniques limit 
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comparison between studies. In general, therefore, it is unlikely that hair lead levels could 

be suitable biomarker for cumulative exposure.  

 

2.2.2.6 Nail 

 

Fingernails and toenails are easily collected, non-invasive biomarkers for metal analysis. 

Numerous studies have reported the use of nails to assess environmental lead exposure. 

[228-231] Nails can indicate long term lead exposure, and are generally stable and a 

constant component after collection. Because toenails grow up to 50% slower than 

fingernails, they may be more useful for the determination of longer term lead exposure. 

[5, 228] Rashed and Hossem (2007) measured lead levels in the toenails and hair of 

children, adults and workers living in polluted and unpolluted areas in Egypt. Lead levels 

in the fingernails and hair of children living in polluted areas were significantly higher 

than in those residing in unpolluted areas. [232] Unfortunately, another study by Gulson 

(1996a) suggested that nails may be of limited use as a biomarker due to large variation in 

lead levels in the same fingernail and toenail samples. [228] Overall, it appears that the 

use of nail lead levels to identify environmental lead exposure must be carefully 

considered. 

 

2.2.2.7 Bone 

 

Tsuchiya reported that around 90% of absorbed lead is deposited in the skeleton. [70] 

Therefore, the identification of lead in bone may be suitable for evaluating the body 

burden of lead. Bone lead levels are considered to be a reliable bio-marker for long term 

exposure with a long half life of between 10 and 30 years. [127] However this matrix 

requires a bone biopsy which is invasive and not suitable for epidemiological studies. [5]  

Over the last decade there has been increasing acceptance that in vivo bone lead may be 

assessed by using x-ray fluorescence. However, lead levels vary in different bone types, 

due to the rate blood is delivered to each type of bone. [233] Trabecular and cortical bone 

have different rates of turnover and thus the measurement of bone lead should be 

performed separately. The cortical bone of the tibia and phalanx, and the trabecular bone 

of the patella and calcaneus are most commonly used to measure lead exposure in 

epidemiological studies. [234] A long term cohort study measured lead concentrations in 

dentine, blood and bone (tibia and patella), and compared the measurement of these 
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matrices with neuropsychological test scores in 79 teenagers aged 19-20 years. The 

results found that DLLs were inversely associated with those test scores. [78] Another 

cohort study used the same participants found that DLLs were associated with body mass 

index (BMI), while lead levels in bone were not associated with BMI. The authors 

concluded that the use of X-ray fluorescence had limited precision especially in 

determining for bone-lead determination. [235] Overall, levels of lead in bone can be 

used to identify long-term lead exposure. However, a suitable technique to examine bone-

lead levels must be chosen. 

 

2.2.2.8 Teeth 

 

Teeth have more recently been recognized as a potential medium for determining long 

term lead exposure [1, 5, 236, 237] because it is known that the half-life of lead in 

calcified tissues, including permanent teeth, is around 10-20 years. [70, 71] Unlike bone, 

the mineral phase of tooth development is quite stable. [238] Furthermore, the exfoliation 

of primary teeth starts at age 6 and exfoliated teeth very easy to collect. [5, 239]  

As a result, levels of lead in deciduous/primary teeth may reflect exposure throughout 

early life which cannot be captured using blood lead levels. Teeth can be used to assess 

environmental pollution because trace elements are incorporated during the mineralising 

phase of tooth development. [5, 240] Barbosa et al (2005) mentioned that various areas of 

tooth sections incorporate lead at different phases of development. [5] Deciduous teeth 

are special biological tissues in which prenatal as well as early postnatal environments 

leave traces. Therefore, the spatial distribution of trace elements in deciduous teeth can 

enable the determination of the exposure to pollutants over time. [13] 

 

Previous studies have reported the use of lead in teeth as a biomarker of past exposure of 

children. These studies have most often analyzed whole teeth, which have been digested 

in acids. [133] Because we know that different components of human teeth incorporate 

lead differently during mineralisation, analyses of whole teeth do not allow the time 

specific distribution of this metal to be assessed. [13] There is therefore increased interest 

in studying lead exposure in different parts of the tooth to enable the effects of 

mineralisation over time to be assessed. Different parts of the tooth have been studied for 

lead exposure and have identified different levels of lead. [241] Gulson (1996) has 

previously determined lead exposure in human deciduous teeth and suggested that enamel 
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is better in determining prenatal exposure, while dentine is suitable to measure of 

postnatal childhood exposure. [242]  

 

Although the use of tooth lead levels as a biomarker of long-term exposure has made 

considerable progress, some aspects remain unexplored. It is known that teeth develop 

over a chronologically specific period and that primary human teeth are formed in a well-

defined incremental manner. [243, 244] Therefore the measurement of lead levels in 

whole teeth and fragmented enamel and dentine may not provide reliable data concerning 

specific periods of early life exposure because the techniques used such as digestion 

destroys the sections and incremental lines have lost. [133, 237] It then was not able to 

use these lines in measuring the ages at specific points such as in enamel which have been 

suggested by Humphrey and colleagues. [245, 246] The present study aims to develop 

histological techniques to determine patterns of lead exposure during the early period of a 

child’s life.  

 

A summary of lead half-life in different biomarkers is given in Table 2.2, although it 

should be noted that the biological half-life of lead is difficult to define [247]. Since 

previous studies have obtained data using different approaches and samples.  

 

Table 2.2 Summary of the half-life of lead in each biomarker 

 

Biomarker Half-life Authors [Ref] 

Blood and plasma 40 days (adults males) Rabinowitz, 1976 [14] 

27 days Needleman, 1972 [248] 

Urine and faeces Weeks Hu, 1995 [72] 

Saliva Days Brodeur, 1983 [198] 

Sweat Days Omokhodion, 1991a [206] 

Hair Months Hu, 1995 [72] 

Nail Months Hu, 1995 [72] 

Bone 10-20 years Rabinowitz, 1991 [127]  

Needlenman, 1972 [248] 

ATSDR, 2007b [249] 

Tooth ≥10 years depending on 

deciduous or permanent tooth 

Barbosa, 2005 [5] 
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2.3 Tooth morphology, development and histology 

 

2.3.1 Tooth development (Odontogenesis) 

 

Two dentitions occur in a human’s life. The deciduous or primary dentition appears 

between six months and three years after birth. The permanent or secondary teeth then 

erupt between six and twenty years of age. From the ages of six to twelve years, the 

mixed dentition of both deciduous and permanent teeth is present. [244, 250] Exfoliation 

is the process of loss of the deciduous teeth prior to their replacement by permanent teeth, 

known as eruption which begins about age six. Deciduous teeth begin to exfoliate around 

5-6 years of age. The primary dentition remains until a child is about 6 years of age, when 

the transition to the permanent dentition begins. Eruption of the permanent dentition starts 

with incisors at 6-8 years, canines at 9-12 years, and molars at 6-12 years; however, the 

primary molars are replaced by permanent premolars at aged 6 years, while the durations 

of the eruption of permanent molar are between 6 and 12 years. The deciduous dentition 

includes incisors, canines, and molars, and the permanent dentition includes incisors, 

canines, premolars and molars. [239, 244, 250]  

 

The two principal anatomical parts of each tooth are the crown and the root. The crown is 

visible in the mouth after tooth development and consists of coronal dentine, the pulp, and 

is covered with enamel. The interior portion of a tooth is mainly composed of dentine. 

Based on region, coronal dentine comprises mantle dentine and circumpulpal dentine. 

The circumpulpal dentine is comprised of globular dentine, intertubular dentine, 

peritubular or intratubular dentine, and sclerotic dentine. More details regarding each 

tooth region are discussed in the dentine mineralisation section. The root is located under 

the gum and consists of the root dentine, the root canal, a continuation of the pulp and is 

covered with cementum. The number of roots varies according to tooth type. In deciduous 

teeth, for example, incisors usually have a single root, canines normally also have one 

long root. Deciduous molars are different from those primary tooth types. The upper and 

lower deciduous molars have three and two roots respectively. [239, 244, 250] The 

primary dentition is shown in Figure 2.4 and the components and structures of the tooth 

are shown in Figure 2.5. 
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The Fédération Dentaire Internationale (FDI), the leading international organisation of the 

dental profession, provides the standard notation or code for teeth in a two-digit system. 

[244] The first digit indicates the quadrant and dentition, and the second digit the specific 

tooth. The FDI labelling systems of deciduous molars (teeth sampled in the histological 

study) can be distinguished as follows: 

  

54 = Maxillary right first molar 

55 = Maxillary right second molar 

64 = Maxillary left first molar 

65 = Maxillary left second molar 

74 = Mandibular left first molar 

75 = Mandibular left second molar 

84 = Mandibular right first molar 

85 = Mandibular right second molar 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Primary dentitions (occlusal views)  

From Schroeder, HE. (1991) Oral Structural Biology, Stuttgart: Georg Thieme Verlag. 

[251] 
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Teeth develop over a chronologically specific period, and a time line for each tooth can 

be identified. [252] Tooth development begins prenatally with the first deciduous incisor 

at between 14 and 16 weeks after fertilization, followed two weeks later by the lateral 

incisor and, after another week, the deciduous canine. Deciduous first molars begin to 

develop 15 weeks after fertilization, followed by the second molar three to four weeks 

after that. The permanent incisors begin to form at three to four months after birth, 

followed by the canine one month later, and the upper lateral incisors at the end of the 

first year after birth. The premolars and second molars initiate between two and three 

years of age while the first permanent molar starts to develop in utero, at 28 to 32 weeks 

after fertilization. The initial formation of the third molar begins between the ages of 

seven and ten. [244] In the present study, exfoliated deciduous incisors were collected for 

the Tooth Fairy Study to assess determinants of lead exposure, and deciduous molars 

extracted for oral hygiene purposes were used to develop the histological technique to 

assess long term lead exposure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Component and structure of the tooth  

From Berkovitz, BKB., Holland, GR., Moxham, BJ. (2009) Oral anatomy, histology and 

embryology. 4
th

ed, Edinburgh: Mosby. [239]  
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2.3.2 Dental histology 

 

The tooth crown is comprised of two main components, enamel and dentine which are 

discussed in the following sections: 

 

2.3.2.1 Enamel 

 

The outer structure of each tooth is made of enamel, which is the hardest tissue in the 

human body. The major component of enamel is mineral, constituting 96% of the tissue 

by weight, and the remainder is comprised of organic materials and water. The main 

mineral composition of enamel is calcium and phosphorus hydroxyapatite, which form a 

tight group of crystals. Due to the nature of these highly complex crystals, enamel is 

harder and stronger than other dental tissues. [244, 253] It is known that mineralisation 

increases from the EDJ to the surface enamel. [253] Enamel is the outer layer of the tooth 

crown. Two main structures are involved in enamel development. The first are enamel 

rods or prisms, which are groups of crystals formed by the ameloblasts during 

calcification in dental development. Across prism widths, a light and dark banding can be 

observed in the longitudinal sections of enamel, which is referred to as cross striations. 

Prism cross striations are structures of enamel and have been known to be related to the 

formation and growth of enamel. These striations are likely to be related to daily 

increments in matrix production, and the interval between lines is about 4m. Sections 

observed in some studies using Scanning Electron Microscope (SEM) exhibted bright and 

dark bands across prisms. Enamel sections were treated and diluted with acid accentuates, 

and SEM showed the compositional contrasts of cross striations believed to be caused by 

variation in the mineralisation process, specially the amount of phosphate and carbonate 

in hydroxylapatite. [239, 244, 254, 255] Many histological studies have accepted that 

these cross striations along enamel prisms can be used as daily incremental markings in 

both permanent and deciduous teeth. [255-258] In primates, it is known that the matrix 

between bright and dark bands of cross striations correspond to about 24 hours of formed 

enamel matrix, a period known as a circadian growth rhythm. [259-261] Counting cross 

striations in individual teeth from formation to completion of enamel corresponds well 

with the estimated timing of tooth crown formation. [262] Moreover, Mimura (1939), 

Bromage (1991) and Dean (1998) used teeth from experimental animals that had been 

injected with markers such as sodium fluoride and lead acetate [263-265]; Smith et al 
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(2006) used known age primates [266]; and Antoine (2009) used modern human teeth 

from the permanent dentition [267], and these studies also indicated that cross striations 

reflect a circadian rhythm in enamel matrix secretion.  

 

The second periodic structures in enamel are the brown Striae of Retzius, (named after a 

Swedish anatomist: A.Retzius, 1979-1860), which are prominent incremental lines 

resulting from variation in enamel mineralisation. Microscopic features of these lines 

show a series of dark bands running obliquely from the EDJ upwards and outwards to the 

surface. These lines form from changes in diameter of Tomes’ processes, and the lines 

demonstrate the growth of enamel, similar to the annual rings on a tree on transverse 

sections of enamel.[254, 268] 

 

The mineralisation of enamel and dentine follows a regular incremental pattern. The 

physiological activity of ameloblasts results in the formation of the neonatal line, an 

accentuated line forming within the pattern of striae.  [239, 243, 256, 269-271] The 

neonatal line is formed at birth, and can be seen in a polished thin section of a tooth. This 

neonatal line can be used as a marker of the stage of tooth development at birth. After 

birth, the neonatal line clearly separates enamel formed before and after birth. Schour and 

Poncher (1937) investigated the rate of growth of enamel and dentine in human teeth by 

means of injections of doses of sodium fluoride. Each injection of sodium fluoride 

provided an obviously accentuated line in both enamel and dentine, starting at the time of 

injection. This experiment proves these distinctive lines in deciduous teeth are formed 

during the perinatal period. [272] Silness (1969) examined variations of enamel 

mineralisation in deciduous teeth using microradiographic and light microscopic methods 

and concluded that prenatal and postnatal enamel close to neonatal line mineralised to the 

same degree. The neonatal lines or birth lines in primary tooth enamel can be used to 

compare the enamel mineralisation before and after birth. [273]  

 

Enamel provides a record of metabolic changes during its development from the gestation 

period up to a year after birth.[274] Primary teeth start to mineralise between 13 and 16 

weeks of gestation and continue to develop until the first year of life. [271, 275] Schour 

(1936), in a histological study, found 90% of all primary teeth have an obvious line 

corresponding to the time at birth. This distinctive line in enamel corresponds to a line in 

dentine. The neonatal line is found in all primary teeth and in the first permanent molars 
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due to this tooth initiating at the end of foetal life. [271, 275] Figure 2.6 shows 

incremental enamel features. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Incremental enamel features From Smith, T. (2006) ‘Experimental 

determination of the periodicity of incremental features in enamel’. J.Anat Vol. 208, 

pp.99–113. [256] 

 

The neonatal line in tooth enamel appears obliquely across the enamel prisms to the 

surface enamel. The neonatal line is usually much larger and darker than the growth lines. 

This is due to various physiological changes at birth.[239, 243, 250] Furthermore, the 

distribution of elements on each side of neonatal line can differ due to changes in the pre- 

and post-natal environments. [13] In the present study, the neonatal lines were used to 

identify birth and determine the age of the child at later stages of growth of the tooth 

using the subsequently forming normal growth increments as shown clearly from tooth 

sample taken from this study (Figure 2.7 and 2.8). More information is given in the 

section on age-related characteristics of dental histology.  
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Figure 2.7 Neonatal line in longitudinal section of a deciduous tooth 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 The cross striations in enamel in the present study 
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2.3.2.2 Dentine 

 

Dentine is a mineralized tissue formed throughout the life of a tooth. It is covered by 

enamel and cementum at the crown and root of the tooth respectively. The composition 

by weight of most dentine is 70% inorganic, 20% organic and 10% water. Most of the 

organic constituents are type I collagen and protein. Dentine is less hard, and more elastic 

and permeable than enamel. [239] Dentine formation is known as dentinogenesis, and is 

initiated just before enamel formation initiates. Dentine is classified by either the time of 

its formation or the region of the tooth in which it is found. Dentine types based on the 

time of development are the predentine, primary, secondary and tertiary dentine. Dentine 

types based on the region of the tooth include coronal dentine and root dentine. Coronal 

dentine includes mantle and circumpulpal dentine, and the latter comprises globular, 

intertubular, peritubular or intratubular, and sclerotic dentine. Odontoblasts are dentine-

forming cells, which differentiate from the cells of the dental papilla. These cells start 

secreting organic matrix (usually collagen fibres) to establish the first dentine layer, 

called the ‘mantle dentine’. After the mantle dentine has been mineralised the dentine 

gradually develops to become a thick layer. Odontoblasts continue to differentiate and lay 

down ‘circumpulpal dentine matrix’ which consists of collagen fibrils. The mantle and 

circumpulpal dentine are major parts of the primary dentine. When the tooth root has 

developed fully, odontoblasts form the secondary dentine, usually at a very slow rate 

depending on tooth type and age of development. In general, it seems that there is little 

difference between the morphology of primary and secondary dentine, although 

secondary dentine may contain fewer tubules and can be identified by a change in tubule 

direction close to the pulp. In the area between the dentine and the odontoblasts which 

line the pulp, there is a layer of predentine. It is this innermost layer where new dentine is 

laid down throughout life. Although dentine development occurs throughout life, tertiary 

dentine is formed only in reaction to stimuli such as cavity preparation, caries and tooth 

attrition. [239, 250, 276] Figure 2.9 illustrates the different regions of dentine. 

 

Primary dentine has a tubular structure formed during dentinogenesis as the odontoblast 

processes secrete matrix around themselves.  These tubules persist through the entire 

thickness of primary dentine from EDJ to the pulp area, and carry dentinal fluid and 

nutrients throughout dentine. In the crown, the tubules follow an S-shaped curve from the 

outer surface of the dentine to the pulp. A study reported measurement of the diameter 

and number of the dentinal tubules in animal and human dentitions using scanning 
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electron microscope. [277]  In mineralised dentine there are thousands of microscopic 

tubules that extend from the pulp-dentine border to the EDJ or cement dentine junction 

(CDJ). Dentine tubules vary in diameter and volume depending on the age of the tooth 

and position within the dentine. The diameters of tubules in young teeth are between 1 

and 3µm. The cross-section of 1mm
2
 dentine contains about 40,000 dentinal tubules; 

there are about 20,000 and 60,000 tubules near enamel and the pulp chamber respectively.  

There are more tubules per unit area near the pulp, and these tubules are wider (2-3m) 

than near the enamel (1 m). The tubules are more separated near enamel and more 

tightly packed near pulp so the permeability of dentine increases nearer the pulp.[239, 

243, 244, 277] 

 

Under the gingiva, the dentine of the root is covered with a thin layer of calcified tissue 

called cementum. This is softer than enamel and dentine due to being comprised of 

collagen fibers and less than 50% hydroxylapatite. The function of cementum is to bond 

the periodontal ligament to the surface of the root. [239, 244] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 The regions of dentine 

From Berkovitz, BKB., Holland, GR., Moxham, BJ. (2009) Oral anatomy, histology and 

embryology. 4
th

ed, Edinburgh: Mosby. [239] 
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Enamel, dentine and cementum differ in the size of their hydroxylapatite crystals and in 

their overall proportion of organic to inorganic constituents. Collagen is frequently found 

as the principal organic component of dentine and cementum, but there is no collagen in 

enamel. Proteins secreted during enamel formation are almost wholly displaced during 

the process of enamel mineralisation. [239, 244] 

 

Dentine formation is complex. It involves predentine secretion followed by mineralisation 

of predentine. Secondary dentine is then formed adjacent to the pulp. These processes 

occur at different rates and times. Previous studies argued that incremental lines in 

dentine may reflect physiological rhythms related to mineralisation, but these markings 

are difficult to interpret. [269, 278, 279] Two sets of incremental lines in dentine are 

visible using polarized microscopy or electron microscopy are short and long period lines. 

Short-period lines in dentine, or daily markings, refer to von Ebner’s lines. Long-period 

lines are known as Andresen lines in dentine. [280] Dentine is formed by odontoblasts 

that generate dentine tubules (equivalent to enamel prisms), and show daily incremental 

lines known as von Ebner’s lines (equivalent to cross-striations in enamel) and long-

period structures known as Andresen lines (equivalent to Retzius lines in enamel). 

Previous studies demonstrated that both cross-striations and von Ebner’s lines show a 24-

hour frequency, and because they are easier to image than von Ebner’s lines, cross-

striations are used as a standard to determine the periodicity of short-period features in 

enamel and dentine. Long-period lines seem likely to show a consistent periodicity within 

a single tooth and in all teeth belonging to the same individual. Counts and measurements 

of these short- and long-period lines in both tissues provide informative data on the rate 

and duration of enamel and dentine secretion, which may be able to be used to determine 

the total crown formation time and the rate and duration of root extension. [269, 278, 280] 

Figure 2.10 shows the long period lines in dentine and Figure 2.11 shows short period 

lines in dentine in the present study. 
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Figure 2.10 Long period lines or Andresen lines in dentine  

[Picture courtesy of Doug Luke] 

 

Figure 2.11 Short period lines or von Ebner’s lines in dentine in the present study 
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2.3.3 Age-related characteristics of dental histology 

 

Teeth are formed chronologically, and can be used to estimate age in both animals and 

humans. [240, 244, 257] Evidence of development rates in the tooth can be gathered from 

the incremental lines that exist in both enamel and dentine. Measurement of these lines 

reveals the development of dental hard tissues from initiation to the completion of the 

root. [239, 244]  

 

Similarly to other biological tissues, the development of hard tissues follows a circadian 

period that duration of which can be identified by incremental growth lines. These growth 

lines steadily record the rates of tooth development in enamel and dentine. [239] Previous 

studies have indicated that the distance between von Ebner’s lines corresponds to the 

daily rate of dentine formation, and so this measure is therefore used to infer rate of 

development and replacement in the tooth. [269] These lines are a well preserved 

indicator of the time of human development, and the investigation of these lines can be 

used to reconstruct the timing of tooth formation. [245, 260, 269, 281] 

 

In deciduous enamel, daily incremental lines range between 2.5 and 4.5µm, but showed a 

marked decrease in the area immediately following the neonatal line. [255] Daily 

incremental lines in coronal dentine of permanent teeth are deposited at 1-2µm daily near 

the enamel dentine junction, then increase to 4-5µm per day, and then fall again near the 

pulp cavity. [260] Dean and Scandrett (1996) studied incremental markings in the dentine 

of human permanent teeth and found that long-period incremental lines had a consistent 

periodicity in an individual, and can be used with confidence to construct the timing of 

tooth development in many fields including forensic, archeological and paleontological 

studies. [269]  

 

Information about incremental growth lines in enamel has been used to reconstruct tooth 

development, and the method was first used in calculating the age at death of an 

archaeological specimen. [244, 282, 283] More recently incremental lines in enamel have 

been used to explore the history of nutrition, weaning stress, heavy metal exposure and 

hormone activity in humans and animals. [13, 240, 245, 246, 255, 284]  

 

The neonatal line has been used to study the distribution of lead levels across deciduous 

tooth surfaces, showing the intensities of lead exposure during the pre- and postnatal 
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periods of development [13, 240] The neonatal line is clearly visible in enamel and can be 

used to identify different periods of enamel formation and to construct the chronology of 

tooth development. Two key studies are described below which used incremental growth 

lines in enamel in a combination of LA-ICP-MS in order to construct the history of trace 

element incorporation into enamel in early life.  

 

Humphrey et al (2008) first demonstrated that incremental lines in the enamel of 

deciduous teeth were likely to be useful for studying the pattern and timing of calcium-

normalised strontium (Sr/Ca) ratios in children to reconstruct the history of weaning. The 

technique measured the distance along the enamel prism, and the age of each ablation 

point was derived by counting daily lines along the prism, continuing the counts out along 

new prism paths to each ablation point in turn in the chronological sequence. Finally, the 

number of days were derived and determined as intervals in order to show the change of 

Sr/Ca ratios over time. [245] In another major study, Dirks et al (2010) applied this 

technique in order to study weaning stress in baboons, and found that the ages at which 

significant stresses during the weaning process occurred could be identified using 

accentuated lines in enamel and matched to changes in Sr/Ca. [246] 

 

Although enamel has characteristics that can be used in constructing a chronological 

record of early life, enamel records the period of crown formation, which varies from 

tooth to tooth and is shorter than the time recorded in dentine, which continues to form 

after the enamel of the crown is complete. [285] Dentine mineralises slowly throughout 

early life, and its chronology covers the whole process from crown development to root 

completion. The periods of dentine development are therefore longer than those for 

enamel, implying that the history of trace element incorporation could be better assessed 

using dentine. [239, 244] Moreover, previous studies have found that significantly higher 

trace elements such as lead were found in dentine compared to enamel [13, 241, 286], and 

therefore in the present study, we believed dentine had potential for reconstructing the 

history of lead exposure. 
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2.3.4 Lead incorporation in enamel and dentine  

 

It is well known that lead accumulates in calcified tissues, including teeth. [13, 252] A 

study in rats undertaken by Kato (1977) reported that intravenous injections of lead 

produced a ‘lead-line’ in the bone and dentine of rats within 30s. There was also an 

increase in serum calcium and phosphorus concentrations, with maximum observed 

values at 1 hour and 30 minutes. The findings of this study suggest that the replacement 

of calcium with lead in the hydroxyapatite could have changed the configuration of 

crystal lattices, resulting in phosphorus and calcium being released into the blood to 

restore the stability of the calcium apatite. [287]  

 

It has been known that enamel is a resistance tissue upon maturation process. Mature 

enamel does not remodel and can be used to record the incorporation of trace elements 

into its matrix during enamel formation of early life. [288, 289] Primary teeth provide 

chronological record the prenatal and early postnatal periods. [240, 245] Thus, 

researchers are able to use dental tissues including enamel to explore the distribution of 

trace elements, nutitional status and diseases during the prenatal and postnatal periods.  

 

2.3.4.1 Enamel mineralisation 

 

Starting at the cusp tips of the crown, dentine forming cells known as odontoblasts move 

from the EDJ toward the future pulp cavity leaving behind a protein matrix referred to as 

predentine, which will later calcify to form fully developed dentine. Concurrently, 

ameloblasts move in the opposite direction, away from the EDJ and forward to the tooth 

surface, also leaving a matrix protein. While the enamel is still matrix, there is already a 

mineral component.  Mineral is secreted in long thin ribbons in a lattice of proteins that 

constrain it so that it grows in length but not width.  During maturation, the crystals 

become thicker as the organic protein lattice is removed. When the full thickness of 

enamel is reached at any given part of the tooth crown, the enamel matrix withdraws any 

protein and water, resulting in the enamel hardening to 96-97% mineral composition by 

weight. The direction of full mineralization refers to the waves of calcification that move 

from the tooth surface to the EDJ and back to the tooth crown again, resulting in a greater 

mineralisation at the outer layer of enamel. Trace elements are incorporated in 

hydroxyapatite crystals during the period of enamel development, and enamel has been 
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used to identify the uptake of nutrients such as zinc, strontium, calcium [253, 289-291], 

and lead exposure. [13, 253, 288] Recent studies have used incremental lines in enamel to 

reconstruct the chronological record of tooth development, and identify diet history and 

stress [245, 246], as described in Section 2.3.3. 

 

2.3.4.2 Lead levels in enamel 

 

Previous studies on lead in different components of human teeth indicate that lead occurs 

at comparatively low levels in the deep enamel and increase sharply toward the enamel 

surface [253], with various studies indicating high surface enamel lead concentrations. [5]  

Unlike other dental tissues, enamel is not remodelled because it is acellular and its high 

levels of hydroxylapatite. [250] Enamel maturation is completed in the subsurface enamel 

before the tooth emerges into the mouth. Trace elements such as lead incorporated into 

the mineral component of the subsurface enamel therefore reflect environmental exposure 

before the age of emergence. High levels of trace elements in surface enamel are then 

hypothesized to occur due to ion exchange with the tissues surrounding the tooth prior to 

emergence and, after emergence, to ion exchange in the oral environment. For example,  

every time we drink a coca-cola or orange juice, the acid in the drink dissolves some of 

the hydroxyapatite. The saliva buffers the teeth because it has a higher pH so that calcium 

ions and other components of hydroxyapatite recrystalise the surface of the tooth.  At this 

time, any lead that is coming through the mouth or is in the saliva from other sources of 

exposure is incorporated into the surface enamel. [197, 240, 253]  

 

In addition to studies of lead levels in human teeth, there has been increased interest in 

animal studies. In a study of rats exploring the effects of exposure to lead on dental 

enamel formation, a delay in mineralised enamel development was found. [292] A recent 

study of lead in the tissues of lead-dosed goat teeth suggested that circumpulpal dentine 

was the most appropriate tissue from which to sample in assessing cumulative lead 

exposure. [293] However, there is as yet no consensus on the most meaningful measure of 

lead from different parts of the human tooth.  
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2.3.4.3 Dentine mineralisation 

 

Dentine is composed of an organic matrix of collagen fibres and mineral hydroxyapatite. 

Generally, there are two stages of dentine formation: organic matrix secretion and 

mineralisation. At the secretion stage, odontoblasts, the dentine forming cells, synthesize 

and secrete an organic matrix consisting especially of type I collagen and proteoglycans, 

and other crucial constituents of the predentine layer. The predentine is a layer of 

unmineralised matrix 10-30 m wide which is seen between the area of odontoblasts and 

the mineralized dentine. In predentine, collagen molecule fibres aggregate with their long 

axes in parallel to become fibrils, which further rearrange into bundles. [239, 244, 250, 

290] 

 

Coronal primary dentine matrix is synthesized at a rapid rate during tooth development. 

Thus, the bulk of the crown consists principally of primary dentine, which outlines the 

pulp chamber and is therefore referred to as circumpulpal dentine. At the outermost layer 

of the primary dentine, under the enamel, a narrow zone called mantle dentine occurs. 

This is a product of the first mineralisation reaction by newly differentiated odontoblasts, 

and it has a composition slightly different from circumpulpal dentine. Mantle dentine is 

composed of large collagen fibres approximately 0.1-0.2m in diameter. [290, 291] 

Mantle dentine is less mineralised, and contains no growth lines. The main bulk of the 

dentine which underlies the mantle dentine is termed circumpulpal dentine, which is 

approximately 6 to 8mm thick in the crown and a little thinner in the roots. During tooth 

formation, circumpulpal dentine arises immediately after mantle dentine formation. [239, 

244, 250, 290] 

 

After matrix secretion, a second simultaneous process of formation of an inorganic phase 

continues at the mineralization front. Calcium ions are transported to the mineralisation 

front by a transcellular route, which includes ions, minerals and organic materials to 

maintain calcium ions in the odontoblasts. At the mineralization front, the mineralization 

of the entire circumpulpal dentine occurs, involving the growth of ‘calcospherites’ or 

‘calcium globules’. These globules are the principal structures of active mineralization 

observed under a scanning microscope, and the ions and minerals increase apatite 

formation. They bind to the collagen fibre surface and enhance the ability of the fibres to 

bind calcium ions, resulting in higher mineral content. It has been found that faster rates 
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of secretion of predentine increase calcospherite formation, especially at the mineralising 

front, leading to interglobular dentine formation. [239, 244, 250, 290] 

 

Following primary dentinogenesis and after root formation is complete odontoblasts 

continue to deposit secondary dentine around the pulp at a slow rate, leading to the 

reduced size of the pulp chamber. Structurally, secondary dentine resembles primary 

dentine, also having a tubular pattern which is, however, less regular than that in primary 

dentine. As a reaction to various external insults, such as dental caries, attrition and 

trauma, tertiary dentine or reparative dentine is also synthesized. [239, 244, 250, 290] 

Figure 2.12 shows the pattern of dentine mineralization.  

 

 

 

Figure 2.12 The pattern of dentine mineralization  

From Mjor IA, Fejerskov O. (1986) Human Oral Embryology and Histology, 

Copenhagen: Laursen-Tonde. [290]  

 

Evidence indicates that when teeth are mineralized, the inorganic content of enamel and 

dentine is likely to change along with changes in the blood and saliva. Due to its lower 

pH, lactic acid results in more demineralisation than remineralisation, and minerals are 
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lost resulting in caries. [294] In such circumstances, the enamel surface can release 

calcium, phosphorus and fluoride ions into the saliva at lower pH and, in a similar 

manner, other minerals including lead may also be lost from the enamel surface. Research 

undertaken by Gulson and Gillings (1997) using stable lead isotopes in 47 European 

migrants in Australia found that the dentine adjacent to the pulp can exchange lead at a 

rate of about 1% per year. However, no significant lead exchange was observed in the 

other part of the dentine. [295] 

 

2.3.4.4 Lead levels in dentine 

 

Because dentine mineralises throughout the life of the tooth, lead sampled from this tissue 

may represent long term or cumulative exposure. [13, 14, 286] Globler et al (2000) and 

Arora et al (2006) found that lead in primary dentine is present at higher levels than in 

enamel. [13, 241] Arora examined prenatal and postnatal dentine close to the EDJ and 

cemento-enamel junction (CEJ) respectively, and the results showed differences in lead 

accumulation in pre- and postnatal development. A study of lead isotopes in teeth in 

Australian immigrants reported that the rate of lead exchange from reservoirs in 

circumpulpal dentine was low, at about 1% per year. [295]  

 

Recent studies of lead levels in different parts of the teeth include Kang and Arora. Kang 

et al (2004) used LA-ICP-MS to determine the micro spatial distribution of metals, 

including lead, in the exfoliated deciduous upper central incisor from a child living in 

Mexico. The areas in the tooth which were ablated for lead concentrations were prenatal 

enamel, the neonatal line, postnatal enamel, the enamel-dentine junction, dentine, and the 

dentine-pulp junction. Elevated lead levels were found in the neonatal line and dentine-

pulp areas. [286] Arora et al (2006) measured lead intensities in the pre- and postnatal 

enamel and dentine of the primary teeth of 10 schoolchildren aged between 6-12 years in 

Australia. Children were categorised into two groups: high (>10g/dL) and low blood 

lead levels (<10g/dL). Mean blood, dentine and enamel lead levels were measured in 

both groups, and lead levels in both blood and postnatal dentine statistically differed 

between the groups while there was no significant difference in mean enamel lead levels. 

From these studies, it seems likely that lead levels in dentine are a more sensitive marker 

of exposure than those in enamel. [13]  
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Recently, Geographic Information System (GIS) and Interactive Spectral Imaging Data 

Analysis (ISIDAS) have been used to map the distribution of elements on the tooth 

surface. GIS was first used to map levels of calcium normalised strontium in enamel of 

primary teeth to reveal the dietary history of children. [245, 284]  

 

Studies using these techniques have demonstrated an increasing concentration of lead in 

dentine on approaching the pulp cavity, according to Kang (2004), Arora (2006) and Hare 

(2011). [13, 286, 296] A study of element bio-imaging in deciduous incisors using LA-

ICP-MS showed that concentrations of lead, zinc and strontium were higher in dentine 

particularly in areas near the pulp cavity as shown in Figure 2.13 [296] Furthermore, high 

lead levels adjacent to the pulp are also consistent with the distribution of manganese, as 

reported by Arora et al (2011). [297] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 Element distributions in deciduous incisors  

From Hare, D., Austin, C., Doble, P., Arora, M. (2011) Elemental bio-imaging of trace 

elements in teeth using laser ablation-inductively coupled plasma-mass spectrometry. 

Journal of Dentistry, 2011. 39(5): pp.397-403. [296] 
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2.4 Measurement of lead in teeth and blood 

 

The advantages and limitations of using dental lead levels for lead exposure in 

epidemiology studies are discussed in the following sections.  

 

2.4.1 Lead levels in teeth 

 

Previous studies have reported the use of lead in teeth as a biomarker of past exposure 

among children. Over the past three decades, these studies have most often analyzed 

whole teeth, which have been digested in acids. [156, 237] A comparison of lead levels 

in whole primary teeth from different countries is shown in Table 2.3. The differences 

in lead levels by country are likely to be due to various reasons, such as different types 

and levels of environmental exposure over different time periods, the heterogeneity of 

sample sources, incompatible sampling processes [298] and different detection limits of 

measurement techniques. [237] 

 

Table 2.3 Comparison of lead levels in whole primary teeth from different countries 

 

Author,  

Publication year [Ref] 

Place n Methods Lead levels 

 (mean ± SD) (g/g) 
Arruda-Neto, 2009 [299] Brazil 50 ICP-MS 1.28 ± 0.11 

Aromary, 2006 [118] Jordan 268 AAS 28.91 ± 13.70 

Hernandez-Guerrer, 2004 [300] Mexico 100 AAS 8.28 ± 6.18 

Rahman, 2002 [301] Pakistan 138 AAS 16.8 ± 6.29 

Bayo, 2001[302] Spain 371 Microwave oven 

acid digestion 

3.5 ± 1.7 

 

Although tooth digestion provides information about cumulative lead exposure, this 

approach tells us nothing about the timing or history of exposure. Because it is known 

that different components of human teeth mineralise lead differentially, analyses of 

whole teeth do not allow the time specific distribution of this metal to be assessed. 

[286] There is therefore increased interest in studying lead exposure in different parts of 

the tooth to enable this mineralisation over time to be assessed.[13, 286]  

 

Different parts of the tooth have been studied for lead exposure, and differential levels 

of lead have been identified. [13, 240] Gulson (1996) determined that lead exposure in 
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human deciduous teeth enamel best reflects in utero exposure, while dentine gives a 

measure of exposure in early childhood. [242] Another study of lead levels in primary 

teeth aiming to develop an appropriate biomarker for prenatal and neonatal exposure 

from birth to 1 month found that the distribution of lead levels in the dentine provides a 

marker for exposure during both pre- and neonatal development. [13] 

 

2.4.2 Tooth-lead levels and health outcome 

 

Tooth lead levels have been used to study the association between chronic low-lead 

exposure and health effects. Longitudinal cohort studies evaluating tooth-lead levels 

and health have mainly focused on the effects of lead on neurological development, IQ 

and behaviour. [10, 303] Needleman and colleagues found that children with high 

dentine-lead levels measured by tissue digestion rated poorly on teacher-reported 

measures of classroom behaviour. [76] A subsequent study also found that high dentine 

lead concentrations were associated with decreased IQ scores. [78] Several cross-

sectional studies have also studied the association between tooth lead levels and 

neurological development, some reporting similar effects on neurological development, 

[127, 304] other finding no effect after controlling for potentially confounding social 

variables. [80] Some studies have determined associations between tooth-lead levels 

and other health outcomes including chronic renal failure [305] and dental caries, 

especially in primary teeth, [113, 306, 307] as discussed in Section 2.1.6 

 

2.4.3 Blood lead levels 

 

Blood lead level is the most commonly used biomarker of lead exposure. The effects of 

lead are typically described in relation to blood lead levels, and therefore the relevant 

standards are also defined in terms of blood lead.  The standard for both children and 

adults was 60 μg/dL until the 1960’s, which progressively reduced to 25 μg/dL in 

1980s. The current threshold level for health is a BLLs of 10 μg/dL. After phasing out 

of leaded petrol, BLLs surveyed in various developed counties were found to have 

decreased. Figure 2.14 shows the acceptable childhood BLLs proposed by several 

organisations over time.  
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Figure 2.14 Acceptable BLLs proposed by agencies at different times 

 

2.4.4 Correlation between tooth and blood lead levels 

 

Various studies have indicated a positive correlation between tooth and blood lead 

levels. For example, a study of 18 preadolescent African-American children showed a 

high positive correlation between blood and whole deciduous tooth lead levels with r = 

0.836 (p< 0.01). [308] A study of 23 school children living in Belgium also showed 

significant correlations between lead levels in permanent tooth surface enamel and 

blood, particularly for the pre-eruptive incisor component (r=0.50, p<0.05). [199] On 

the other hand, a study of 60 Egyptian school children by Omar (2001) reported that the 

correlation between whole primary teeth and blood lead levels was not statistically 

significant. [156] 

 

When lead is elevated in blood, it is distributed around the body and ultimately retained 

in tissues such as teeth and bone. [241] Lead levels in teeth and bone have a long half 

life, whereas BLL reflects only recent exposure. Because of this, it is still difficult to 

compare tooth and blood lead levels in humans. Moreover, results from different 

studies are difficult to compare because sampling techniques and analytical methods 

used to assess the tooth-blood relationship are different in different studies. [241] For 
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instance, some blood samples were collected by finger prick or venipuncture, [20] and 

some studies analysed whole teeth whereas others selected specific parts of the tooth 

such as enamel or dentine.  

 

As noted above, there are variations in lead levels between persons, countries and 

specific human tissues. Over the last decade there have been attempts to assess lead 

levels in different matrices including blood and teeth, especially in children. For 

example,a cross-sectional study of 60 children aged 6–12 years in urban and rural areas 

in Egypt, mean BLL in urban areas were higher than rural areas. Socio-economic status 

was not associated with tooth and blood lead levels. A history of wrapping sandwiches 

with newspapers and the age of the child were significant indicators of lead exposure in 

children living in urban areas, the distance between home and school was statistically 

significant among children in the rural areas. The authors suggested that teeth lead 

levels can be used to assess the body burden of environmental lead. [156] Another 

study measured lead concentrations in teeth and blood in South African children. 

Dentine lead levels were significantly higher than those found in enamel, and 

circumpulpal dentine had the highest lead levels. But an association between tooth and 

blood lead concentration was not compared due to lack of previous data. [241] In 

addition, lead levels in different part of the tooth should be considered in order to assess 

an association between tooth and blood lead levels. Some previous studies have found 

different levels of lead in each tooth structure [13, 156, 241, 286, 288], with some 

finding higher lead levels in dentine  [13, 241, 286] and others finding higher lead 

levels in enamel. [288]  
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2.5 Principles of the methods used in this study 

 

2.5.1 Introduction 

 

Several methods are available for assessing the concentrations of lead in biological 

samples. These include Atomic Absorption Spectrophotometry (AAS), Electrothermal 

Atomisation AAS, Graphite Furnace AAS, X-ray Micro-Analyses, and Inductively 

Coupled Plasma Mass Spectrometry. One factor that is very important in selecting the 

most appropriate analytical method is quality assurance. Both accuracy and reliability of 

procedures are important. [6]  

 

Atmospheric-pressure inductively coupled plasma (ICP) is an analytical technique used 

for the detection of trace metals in geological, environmental and biological samples. 

Generally, ICP combines three applications: Atomic Emission Spectrometry (AES), 

Atomic Fluorescence Spectrometry (AFS) and Mass Spectrometry (MS). These three 

main ICP-based techniques are applicable to nearly all trace elements. Among those 

techniques, it has been suggested that ICP-MS and ICP-AES are the most powerful 

methods for the rapid determination of multi-elements. [309]  

 

This study involves biological samples of blood and teeth. Two techniques, ICP-MS and 

Laser Ablation Inductively ICP-MS, were used to measure the levels of lead in blood and 

teeth respectively. The following sections describe the basic principles of each method, 

relevant measurement issues, as well as the advantages and limitations of the methods. 

 

2.5.2 Inductively Coupled Plasma Mass Spectrometry (ICP-

MS) 

 

ICP-MS was first introduced by Houk et al (1980), who combined argon ICP with a 

quadrupole mass spectrometer for the multi-element analysis of aqueous solutions. [310, 

311] After the release of commercial products in 1983-1984, this technique has been 

developed further and is now widely used for the elemental analysis of geological and 

environmental samples. [309, 311] ICP-MS is a highly sensitive technique for multi-
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element and isotope analysis. In the present study, ICP-MS was used to measure blood 

lead levels in children.  

 

2.5.2.1 Principles and components of ICP-MS 

 

ICP-MS can be used to analyse all elements. Detection limits have been found to be lower 

than 1g/L for 60 elements in a multi-element analysis. Moreover, this technique can be 

applied to all kinds of materials including solutions, solids, and gaseous samples. Solid 

samples are usually vaporised using laser ablation or heated cells. Solutions are generally 

vaporised using a nebuliser, whereas gases may be sampled directly. [309] The chemical 

analysis with inductively coupled plasma (a state of the matter including electrons and 

ionized atoms) is based on the crucial principles of vaporization, dissociation, and 

ionization of chemical elements when they are brought into the hot plasma. Then, 

elemental ions are produced in the plasma at varying temperatures between 5,000 and 

10,000 K. [309, 311] More details for ICP-MS coupled with laser are described in the 

section 2.5.3. Figure 2.15 shows the basic components of ICP-MS. 
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Figure 2.15 Diagram of basic components of ICP-MS  

From Montaser, A. (1998) Inductively coupled plasma mass spectrometry. Wiley:  

New York. [309] 

 

2.5.2.2 Advantages and Limitations of ICP-MS 

 

The ICP-MS is a highly sensitive technique for examining multi-elements in different 

fields, including biological, geological and environmental samples, marine and 

atmospheric chemistry and volcanology. It is a fast, precise, accurate, and extremely 

sensitive analytical technique for determining of trace elements in liquid and solid sample 

materials. Lead concentrations can be detected in the range from ppb to ppm. The 

detection limits vary depending on size of ablation pit, which can be increased as 

required. This technique is a fast analysis due to multi-elements can be analysed at the 

same time. It also provides a simple operation method and cost of operation may be 

cheaper than other analytical techniques. [309, 312] 

 

Although there are several advantages to using ICP-MS, disadvantages have also been 

reported. [233] ICP-MS is a destructive technique because an analysis of biological 
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samples requires liquefied samples dissolved in acid as such it is not an appropriate 

technique to use to assess lead levels in teeth if subsequent histological analysis is 

required, as in this study.  

 

2.5.3 Laser Ablation Inductively Coupled Plasma Mass 

Spectrometry (LA-ICP-MS) 

 

Alan Gray (1985) first used laser ablation for ICP-MS as a technique to measure solid 

samples using a finely focused laser. LA-ICP-MS has been used for the analysis of 

geological samples, providing information on their chemical and physical properties. 

Recently, LA-ICP-MS has also been used to assess metal concentrations in biological 

samples such as teeth. The method allows the analysis of the spatial distribution of trace 

elements in samples. [13, 286, 311] In the present study, LA-ICP-MS was used to 

measure lead levels in tooth samples in the epidemiological and histological study.  

 

Some previous analysis of lead in human teeth using LA-ICP-MS has been undertaken. 

For example, this technique has been used to identify lead levels across sections of both 

ancient and modern human teeth. [238] Studies of the spatial distribution of lead in 

deciduous teeth by LA-ICP-MS have indicated that this method can be used for 

identifying trace element distribution in different regions of dental tissue which is 

calcified at different times of life. [13, 286] Recent studies used LA-ICP-MS in 

combination with tooth enamel histology in order to refine history of diet in children 

[245] and weaning stress in baboons. [246] Building on the techniques developed in these 

two studies, the LA-ICP-MS analysis was used in the present study. 

 

2.5.3.1 Principles and components of LA-ICP-MS 

 

The LA-ICP-MS technique requires the laser ablation of hard tissue samples with a 

delicately focused laser. Previously, Gray used a ruby laser type (wavelength 694nm) to 

vaporise solid samples before carrying the plasma to the ionisation process. [313] Since 

then other laser types, including CO2, N2, Excimer and Nd-YAG, have been used widely. 

[309] The Excimer laser used in the present study ablates at a wave length of 193 nm in 

an air-tight chamber and the originating aerosol plume is carried by an an argon plasma 

torch via a stream of argon gas where its constituents are atomized and ionized prior to 
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elemental mass analysis. The Excimer laser ablation, in particular, provides a thermal 

sample ablation with very precise lateral ablation and controlled depth profiling.  

 

The introduction of LA coupled to ICP-MS has made it possible to perform the in situ 

element analyses of solid samples meaning time-specific data, such as that from a tooth 

surface, is able to be analysed. The LA-ICP-MS can reach detection limits of less than 

1ppm for most elements levels, which can rarely be detected using other techniques such 

as the electron microscope or X-ray emission detector. Also, after analysis, the samples 

can be stored for future study. [286] The basic components of the LA-ICP-MS are shown 

in Figure 2.16 

 

 

Figure 2.16 LA-ICP-MS coupled with plasma source  

From Becker, S. (2007) Inorganic mass spectrometry:principles and applications. 

Wiley:New Jersey [312] 

 

2.5.3.2 Advantages and limitations of LA-ICP-MS 

 

Currently, LA-ICP-MS is used to measure trace element distributions in teeth with 

precise, credible results. [5] Compared to previous studies using total digestion with acid 

followed by the analysis of solutions, the LA-ICP-MS allows the establishment of lead 

levels in each tooth component including the enamel surface, enamel-dentine junction, 

the neonatal line and other incremental structures of growth, the LA-ICP-MS output can 

also be mapped to explore the spatial multi-element distribution in solid samples at very 
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low detection limit (for lead from ppb). [13, 314] and it can therefore establish a ‘time 

line’ of lead exposure from in utero exposure through the early childhood years.  

 

The drawback of LA-ICP-MS is the destructive nature of the ablation process. LA-ICP-

MS cannot be used to map the spatial distribution of trace elements in soft tissues. [315]  
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CHAPTER THREE 

MATERIALS AND METHODS 

 

3.1 Study design 

 

The aim of this study evolves from an investigation to explore the determinants of lead 

exposure using pre- and post-natal enamel and dentine to developing a method to assess 

the history of lead exposure by measuring tooth lead levels. Ultimately, this study was 

designed to answer questions about potential determinants of lead exposure and whether 

milk teeth are suitable biomarkers for revealing a time-line of exposure.  

 

The study design consisted of three major phases. Phase I was an epidemiological 

investigation into the determinants of lead exposure as measured in dentine in a cohort of 

children from Newcastle upon Tyne. This involved the analysis of an existing collection 

of teeth from children living in Newcastle (the Tooth Fairy study) with questionnaire data 

available to identify potential determinants of lead exposure. Phase II examined the 

distribution of lead levels across the tooth surface. This was an exploratory study to 

assess the use of histological increments combined with tooth lead levels in dentine to 

reveal the history of lead exposure during the child’s life-time. Phase III involved the 

application of this newly developed histological technique to a larger set of teeth to 

ascertain whether dentine is a suitable biomarker to determine a timeline of lead 

exposure. Participants from the Teesside areas in the North East of the UK were recruited 

for data collection in phases II and III of the present study.  

 

3.2 Phase I: The Tooth Fairy epidemiological study 

 

This epidemiological study involved the analysis of an existing collection of teeth           

(n = 69) from the Newcastle Tooth Fairy study. In addition, existing questionnaire data 

were used to identify the determinants of lead exposure. The questionnaires are explained 

in detail in section 3.2.4.3.  
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3.2.1 Setting 

 

Newcastle upon Tyne is located on the north bank of the river Tyne in north east 

England. Since the turn of the nineteenth century, the north east of England, and in 

particular Newcastle, has been a centre for heavy industry, and the region was one of the 

most intensely industrialised regions of the UK. [316] There is also a history of extensive 

lead mining within this area. A national survey conducted in 1981 and 1982 across the 

UK found lead levels in household dust and garden soils from 100 homes in Newcastle of 

around 600mg/kg and 300mg/kg respectively. [41, 317] A more recent study of soil 

contamination in Newcastle undertaken in 2003 showed that soil lead levels ranged from 

40 to 4,134mg/kg (mean=350mg/kg). Of the 163 sampling locations, 17% (27 sites) 

exceeded the UK soil guideline value for residential areas and allotments of 450mg/kg. 

[151]  

 

The population of Newcastle spans a wide range of social groups. According to data from 

Neighbourhood Statistics in 2009, the ethnicity of people living in Newcastle is made up 

of mostly white British (≥83%), Asian (7%), and white other (4.1%) residents, with 

remainder being black and mixed race. [318] Some of the most deprived communities in 

the UK live in Newcastle but also some of the wealthiest. The Index of Multiple 

Deprivation (IMD) Score is an area based measurement based on seven domains of 

deprivation: income, employment, health deprivation and disability, education skills and 

training, barriers to housing and services, crime and living environment. Each domain has 

a number of indicators. [319] Higher IMD scores indicate a more deprived area. When 

scored for multiple deprivation by council ward with a lower rank indicating higher 

deprivation, out of 8,414 wards in England and Wales, the ward of Byker ranked 78, 

Elswick 36, Monkchester 31, Walker 30 and West City 40. [319] Byker, Elswick, 

Monkchester and Walker are all located along the River Tyne, which was the major site 

of historically heavy industries. Currently, these are largely residential areas but historic 

contamination still persists. Conversely, Jesmond and South Gosforth wards were ranked 

6941 and 7251 respectively, and historically few industries have been located in these 

areas. Although heavy industry in Newcastle has decreased drastically in the 20
th

 century, 

many urban areas are likely to be impacted by historic environmental lead contamination. 

[319] Figure 3.1 shows Index of Multiple Deprivation (IMD) scores by ward across 

Newcastle highlighting the concentration of deprived areas alongside the River Tyne; 
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Figure 3.1 Map showing locations of school divided by wards and IMD scores 
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3.2.2 Ethical approval 

 

The 2005 Tooth Fairy study was reviewed and approved by the County Durham and 

Darlington Local Research Ethics Committee (Reference Number: 05/Q0904/10). 

Permission to use the data in this study was granted by Prof Tanja Pless-Mulloli, one of 

the main researchers involved in the study.  

 

3.2.3 Selection criteria and sample size 

 

Children residing in Newcastle upon Tyne aged 5-8 years old who had lost an upper front 

incisor were eligible for inclusion in the sample. Children who had lived outside of the 

boundaries of Newcastle upon Tyne for more than one year, or those who were known to 

be moving within the next four months, those who had a history of lead poisoning and 

children from special needs schools were excluded from the study.  

 

It was hoped that a total of 500 children would be recruited, since in order to detect a 

difference of 1.5ug/g in tooth lead between children in the least and most deprived 

quintiles of deprivation, (90% power, 5% significance level, 2-sided test) at least 80 

children in each quintile was required. It was hoped that a extra 100 children could be 

sampled so as to ameliorate possible data attrition. However only 69 respondents met all 

of the criteria and answered the questionnaires during the proposed time. While this 

sample is much smaller than initially hoped, it was still considered worthwhile to explore 

the possible determinants of lead exposure in this smaller cohort, and despite not reaching 

the desired number of participants, this is still a relatively large cohort compared to others 

assessing lead levels in specific components of teeth.  

 

3.2.4 Methods of data collection 

 

3.2.4.1 Recruitment 

 

Initially a sample of 17 schools were randomly selected from a list of all primary or first 

schools stratified by a measure of the deprivation of the pupils attending the school. Three 

schools were selected at random from each of the five quintiles of school deprivation. For 
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each school, agreement was obtained from the headteacher and a covering letter and self 

completion questionnares sent to the parents of all eligible children via the school. This 

letter described the study and asked the parents to sign a reply form if they were willing 

for their child to take part. If there was no reply then one reminder letter was sent out to 

parents. £10 vouchers were offered to children who had lost a front tooth and would 

provide that tooth along with the parental consent form and a questionnaire. 

 

3.2.4.2 Collection of sample teeth 

 

School nurses were trained to collect naturally shed milk teeth (upper incisors) from 

participating children. The nurses stored and labeled teeth samples and collected parental 

consent forms. Teeth were kept in sterile solution before being sent to the Hard Tissue 

Laboratory at the School of Dental Sciences, Newcastle University, for the preparation of 

tooth sections, cut and lapped to 300µm in thickness. Details of the standard protocol for 

sectioning and lapping tooth sections are given in Section 3.3.5.2 and 3.3.5.3  

 

3.2.4.3 Questionnaire 

 

The questionnaires consisted of 39 yes/no, true/false, single-best-answer, and some open-

ended questions. The questionnaire was distributed to parents after being pre-tested and 

piloted. Four additional questionnaires were distributed to participants depending on their 

answers to the main questionnaire. All questionnaires are presented in Appendix I. Data 

from the questionnaires have been already entered into a Microsoft Access database and I 

exported the data into SPSS software for the purpose of statistical analysis. The main 

questionnaire for the Tooth Fairy study had five sections:  

 

Section 1: Demographic data of participants including sex, date of birth, full residential 

history, and name and address of GP practice. 

 

Section 2: Information about the child’s current main place of residence including the 

postcode of the residence, any history of lead water pipes in the home, methods of 

cleaning floors in the house, frequency of vacuuming in the home, the age of the house 

(to determine if it was built before 1960 or later), and the existence and condition of lead 

in paint in the house.  
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Section 3: Child’s eating and drinking behaviour was investigated. Questions covered the 

intake of allotment or home-grown foods, intake of tap drinking water, amount of tap 

water comsumed daily, and breast feeding as well as weaning history. 

 

Section 4: Other aspects of eating behaviour and health. Questions covered hand-to-

mouth behaviour, intake of food stored in leaded storage containers such as pottery or 

ceramics glazed with lead glaze, lead crystal or pewter and lead soldered cans. Details of 

medical history including epilepsy, diabetes, asthma and either calcium or iron 

deficiencies were sought. In addition, pica behaviour was also investigated.  

 

Section 5: This section asked about the educational level of the main wage earner in the 

family, the number of people in the household, parental occupation and income, smoking 

status, and the use of Asian cosmetics.  

 

To assess socio-economic status, the tooth fairy study used the individual indicators of 

educational achievement and income of the main wage earner. In addition, the area based 

IMD Scores for 2007 of the Super Output Areas (SOA) that contained the child’s home 

and school postcodes were explored. IMD scores for small geographical areas known as 

Lower Layer Super Output Areas (LSOA), a census based geography containing an 

average 1,500 residents, were assigned to each child based on the LSOA of their 

residential and school postcodes, with this linkage made using ArcView GIS 3.2 

software. [320]  

 

3.2.5 Data storage 

 

Tooth samples were stored securely in labelled vials until preparation in the Hard Tissue 

Laboratory in the School of Dental Sciences, Newcastle University. The storage and 

handling of the questionnaire dataset was undertaken using ‘Microsoft Access 2003’. 

Seven databases were used as detailed below: 

(1) Dentine lead levels  

(2) Personal details from questionnaires and consent forms 

(3) Exposure data from questionnaires 

(4) Data linking ID codes and personal data 

(5) Details of children referred to clinicians 
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(6) Data from linked databases to summarise the stages completed for each child 

(7) IMD scores of living areas and school areas  

 

3.2.6 Analysis of the teeth 

 

For each child recruited in the Tooth Fairy study, an upper deciduous incisor was 

collected once it exfoliated. To investigate lead levels in dentine, 4-6 ablation points were 

sampled in the dentine and enamel of each tooth. Tooth lead levels were analysed by LA-

ICP-MS. Figure 3.2 illustrates the sampling ablation points in primary dentine, pre- and 

postnatal enamel from thick sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Sampling ablation points on the tooth section in the Tooth Fairy Study 
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3.2.7 Statistical analyses 

 

3.2.7.1 Hypotheses 

 

The hypothesis explored in the epidemiological study was that there exists a relationship 

between determinants of lead exposure, primarily measured in terms of social class or 

socio-economic status, but also other lifestyle and home characteristics, and tooth lead 

levels.  

 

3.2.7.2 Descriptive analyses 

 

Basic descriptive analyses, including frequency and percentage measures were used for 

an initial  exploration of the data. Means and standard deviations were used to describe 

lead levels in dentine and IMD scores. A histogram was used to show the distribution of 

mean dentine lead levels. The Independent t-test was used to assess the relationships 

between dentine lead levels and dichotomised variables including sex and several 

questions with ‘yes’ or ‘no’ answers. Analysis of Variance (One-way ANOVA) was used 

to evaluate the relationships between lead levels in dentine and categorised variables 

including age, methods and frequency of cleaning hard floors in the house, tap water 

consumption and income. The Equal Variances Assumed using Scheffe method was used 

for post-hoc comparison. 95% confidence intervals were used to compare the mean lead 

levels in dentine between different variables.  

 

3.2.7.3 Multivariate analyses 

 

To determine significant explanatory determinants of lead levels in dentine, multivariable 

linear regression analysis was used. A stepwise selection method was used to exclude or 

include determinants in a sequential process, with a statistical significance level of 95% 

(p<0.05) required for inclusion. All statistical analyses were carried out using Statistical 

Package for the Social Sciences (SPSS) version 17. 
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3.3 Phase II: Development of histological technique  

 

3.3.1 Introduction 

 

In the second phase of the study I aimed to develop a method to assess the use of tooth 

lead levels as a histological marker to reveal the history of lead exposure over a child’s 

life-time. Although dental lead levels have been recognised to be a useful biomarker of 

lead exposure, limited information has been published on the distribution of lead in 

different parts of dental tissues. There is as yet no consensus on the relevance of lead 

levels from different parts of the tooth or on how these different levels relate to exposure. 

The mineralisation of the different tooth components is likely to be relevant, and 

determination of a suitable sampling strategy for teeth that are indicative of long term 

lead exposure in humans is crucial. Therefore, the present study was designed to test 

whether tooth lead concentrations could provide a non-invasive biological marker of the 

history of lead exposure in children. Such a marker would have useful applications in 

epidemiology and public health. 

 

3.3.2 Participant recruitment and selection criteria  

 

Participants were recruited from the Queensway Dental Practice at Billingham, a small 

town in the Borough of Stockton on Tees in north-east England. Fifteen children aged 

between 6 and 8 were recruited into this study. All had been identified as needing to have 

two deciduous molars removed for dental hygiene. This was a pilot study of 15 children, 

and as such it was difficult to undertake a formal power calculation. Written consent was 

provided by the parents of all participants. Children or their parents who did not provide 

consent were not eligible, and children whose teeth were found upon removal to be very 

carious were excluded from the analysis. 

 

3.3.3 Ethical approval 

 

Phase II and III of this study involved working with human teeth and blood, and the 

protocol was therefore submitted and approved by the following ethics committees: 
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1. County Durham & Tees Valley Primary Care Trusts, Research and Development, who 

approved the research on 22
nd

 May 2009 (local R&D number: 0405) 

 

2. National Research Ethics Service (County Durham & Tees Valley Research Ethics 

Committee (REC)) who approved the research on 10
th

 July 2009 (REC reference number: 

09/H0905/42). 

 

The main ethical issues involved consent, confidentiality and data storage. The details of 

each issue are outlined below: 

 

3.3.3.1 Consent  

 

The children recruited into this research study were of a very young age, and unlikely to 

be able to provide informed consent about their participation. I explained to each child 

(with their parent/guardian present) what the study was about, and what their participation 

involved, using language suitable to the age group concerned. However, it was ultimately 

the decision of the parent/guardian as to whether or not their child participated. If the 

parents or guardians chose that their children should take part in the study, they were 

asked to sign the consent form provided. (see Appendix II) 

 

3.3.3.2 Confidentiality and data storage 

 

The personal data collected for this research includes the age and sex of the participants. 

These data were stored only on the hard copy of the consent forms, which remain locked 

in a cabinet. The participants were assigned a numeric code which linked their personal 

details to their blood lead and tooth lead levels. These data were uploaded and analysed 

using a password-protected university desktop computer. The code key linking the ID 

code to personal identifiers were known only to the dental clinic, and contact details for 

the participants were required only in the unlikely situation that the blood lead levels 

measured were higher than the WHO threshold for health (10g/dL), in which case the 

participant’s GP would be informed. 
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3.3.4 The process of the collection of teeth and blood samples 

 

For selection purposes, eligible participants identified by the dental team were 

interviewed for approximately 5-10 minutes each in order to understand the importance of 

the research and what was involved. There was a period lasting days or weeks between 

the initial check-up dental appointment and follow up surgery, during which the 

participant could decide on whether or not to take part in the study. During this time they 

had opportunity to contact the research team to ask questions about their participation. If 

children were willing to donate their milk teeth, they brought the completed consent form 

with them to the next scheduled dental appointment.   

 

The consent forms were collected from willing participants by a member of the 

research/dental team during the follow-up appointment and/or the day of surgery to 

remove the teeth. From the consent form, the patient’s ID was coded and matched with 

the patient details at the dental clinic. Two copies of the consent form were kept 

separately; one by the child and one by the researcher.  

 

During the process of tooth extraction, the dentists checked the patient’s details. If they 

matched with the coded data in this study, the two extracted deciduous molars were kept 

in a container provided by the research team. The patient number was labelled on the 

container. After extraction, the teeth were washed in distilled water by nurses and stored 

in 5% Chloramine-T solution, used to maintain the stability of biological tissues and keep 

the teeth sterile, and also known not to contain ingredients that might interfere with the 

ablation process. The participant’s sex, age and the date of extraction were marked on the 

container. These containers were kept in a refrigerator at 4C and subsequently brought to 

the Hard Tissue Laboratory in the School of Dental Sciences, Newcastle University. 

 

A 5ml blood sample was collected via the indwelling cannula used to deliver the sedative 

during the dental work. These blood samples were split into 2 fractions (3.0ml and 2.0ml) 

and were stored separately as follows: 

 

(1) The 3.0ml aliquot was stored in a clean ‘blank’ polypropylene tube labelled NO 

ANTICOAGULANT, with the patient number on the tube.  
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(2) The 2.0ml aliquot was stored in a polypropylene tube labelled LI HEPARIN printed 

on an orange bordered label and with the patient number on the tube. 

 

These second tubes were inverted 6 to 8 times to mix the blood with the heparin. Both 

tubes were kept in a refrigerator. The first was used for lead isotope analysis by Dr Tom 

Shepherd, and the second being sent to the Health and Safety laboratory in Buxton for 

analysis. 

 

3.3.5 Preparation of teeth for the histological study 

 

Teeth were sectioned, polished and mounted onto a slide in preparation for LA-ICP-MS 

and histological analysis. For each tooth/section, this process took approximately 4-5 

hours to complete. Fifteen children in the histological study were assigned hard tissue 

numbers (HT) from HT1 to HT15 and all these children had measured BLLs. Of the 30 

teeth (15 pairs), paired teeth from four children (HT4, 7, 10 and 15) and one tooth from 

child HT6 (tooth 65) were excluded from the study due to caries and attrition. As a result, 

only 21 teeth were analysed for tooth lead levels. Of these 21 teeth, one tooth from child 

HT6 (tooth 74) and child HT8 (tooth 84) were subsequently excluded from the 

histological study because it was not possible to identify growth increments across the 

tooth surface due to poor section quality. As such, 19 teeth were included in the 

histological study. Two pairs of teeth from child HT1 (tooth 54 and 55) and HT11 (tooth 

64 and 85) were selected to develop the histological technique in the second phase, and 

the 15 remaining teeth were then used in the third phase of the present study.  

 

The preparation of sample teeth included the following processes: 

 

 



 

83 

 

3.3.5.1 Tooth catalogue 

 

The 21 teeth were examined and catalogued to identify tooth type; details of tooth types 

and orientation are given in Table 3.1. Tooth codes refer to specific teeth in accordance 

with the 2 digits derived from the Federation Dentaire Internationale (FDI) method, 

which identifies and designates permanent and deciduous teeth within the oral cavity. (see 

Section 2.3.1) 

 

3.3.5.2 Tooth sectioning 

 

The stored deciduous molars were rinsed in tap water for 2 hours in order to remove the 

Chloramine-T, and then air-dried overnight. Teeth were marked for sectioning. 

Permanent red felt-tip pen was used to mark the point of the cusp tips, make a line to 

identify the section to be cut. The mesiolingual cusp was preferred as the area of interest 

because it is the first cusp of the tooth to develop. The ideal plane of section for a crown 

should always include the first and last formed enamel because they can provide 

information on the chronological development from the point of crown eruption to the 

completion of the root. Due to caries and attrition, distal sections were also cut and all 

teeth were cut near the tips of the cusps as well as passed on the distolingual side. To 

achieve thin sections, the tooth was attached to the chuck with sticky wax, which was 

heated using a Bunsen Burner. The teeth were then sectioned longitudinally with a low 

speed saw (Microslice Metals Machine) with a 250m thick blade. Sections 500 m thick 

were taken. Figure 3.4 shows the desired plane of sectioning for an upper deciduous 

molar. M and B refer to Mesial and Buccal cusps, and O to Occlusal view. For the tooth 

pairs from each child, I was not always able to use the same tooth cusp due to tooth 

caries. Section orientation for each tooth is provided in Table 3.1, and the desired plane of 

sectioning for upper deciduous molar in this study is given in Figure 3.3. 
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Figure 3.3 The desired plane of sectioning for upper deciduous molar [Picture courtesy of 

Pam Walton] 

 

 Table 3.1 Characteristics of tooth samples in the histological study 

 

No 
Hard Tissue 

Number 
Tooth types Toothcodes 

Section 

orientation 

1 HT1 
Maxillary right first molar 54 Mesial 

Maxillary right second molar 55 Distal 

2 HT2 
Maxillary right first molar 54 Mesial 

Maxillary left first molar 64 Mesial 

3 HT3 
Maxillary right second molar 55 Distal 

Maxillary left second molar 65 Mesial 

4 HT5 
Maxillary right first molar 54 Mesial 

Maxillary left second molar 65 Distal 

5 HT6 
Maxillary left second molar 65 Mesial 

Mandibular left first molar 74 Mesial 

6 HT8 
Mandibular right first molar 84 Distal 

Mandibular right second molar 85 Distal 

7 HT9 
Maxillary right second molar 55 Distal 

Maxillary left second molar 65 Distal 

8 HT11 
Maxillary left first molar 64 Mesial 

Mandibular right second molar 85 Distal 

9 HT12 
Mandibular right first molar 84 Mesial 

Mandibular right second molar 85 Mesial 

10 HT13 
Mandibular left second molar 75 Mesial 

Mandibular right first molar 84 Mesial 

11 HT14 
Mandibular left first molar 74 Mesial 

Mandibular right first molar 84 Mesial 
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3.3.5.3 Tooth lapping 

 

After the 500m section was cut, the required surface was lapped down first. The 

section was adhered to a microscope slide with sticky wax for lapping to the required 

thickness of 150m.  This thickness was sufficient to allow the structure of the tooth to be 

identified under light microscopy to identify transect locations for LA-ICP-MS, while 

being sufficiently deep for the ablation process. The surface of each section was polished 

with 3 micron alumina powder using a PM2A lapping machine (Logitech Materials 

Technologists Engineers). The slide was consequently polished with 1 micron alumina 

powder to make a smooth, scratch-free surface with no saw marks, then washed with 

ecological washing-up liquid to remove grease and wax, and subsequently cleaned in an 

ultrasonic bath. The tooth slide was air-dried over night and then zero bonded to a clean 

glass slide. Xylene and UV resin glue were then used to fix the tooth section to the slide. 

In the final lapping process, the thick section was lapped by hand using polishing paper. 

The slide was then polished with 3 micron alumina powder and the tooth thickness was 

checked with a Micrometre Digimatic (Mitutoyo, Manual No. 1038, Serie N 293). The 

finished slide was then cleaned in an ultrasonic bath to remove surface lapping compound 

and washed in distilled water and left to dry. Once each section had been ablated using 

LA-ICP-MS, it was lapped down further to 100m using 1 micron alumina powder. The 

100m sections enabled the study of micro structures within the enamel and dentine via 

microscopy, and the identification of the neonatal line which is not clearly visible in 

thicker sections. Figure 3.4 shows a flow diagram of the sample collection, preparation 

and analyses and Figure 3.5 illustrates the preparation of the sample teeth. 
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Figure 3.4 A flow diagram of the sample collection, preparation and analyses 

Collect teeth and  

5 ml blood sample 

 

Tooth preparation 

 

Blood samples were 

sent to the laboratory 

in Buxton, and  

analysed by ICP-MS 

 
Tooth sectioning 

Low-speed saw blade (water 

cooled), each section size   

 500m 

Tooth lapping Tooth sections were lapped 

with 3 and 1 micron 

Alumina powder taking the 

section down to 150m 

Identification of tooth 

sections for initial laser 

ablation 

- Polarised-light microscopy 

was used to investigate the 

tooth components; it was 

coupled with a VDO camera 

to take photos of each tooth 

sections 

- Adobe Photoshop CS v.7 

was used to create montages 

showing tooth components  

LA-ICP-MS analysis 

A GEO/LAS Q PLUS 

laser-ablation system 

equipped with 193 nm 

Excimer laser type 

Identification of ages 

at each ablation point 

Histological techniques used 

to measure the distance 

along prism and tubules 

divided by the mean of 

short-period lines at each 

ablation point 

Teeth were catalogued to 

identify tooth type, and 

were marked for sectioning 

at the Hard Tissue 

Laboratory, School of 

Dental Sciences 

Teeth lapping after 

ablation 

Teeth were lapped to a 

thickness of 100m after 

ablation to enable the 

histological analysis to be 

undertaken 

 

Eligible children aged 6-8 years needing the removal of >1 

deciduous molars were recruited 



 

87 

 

Figure 3.5 The preparation of the sample teeth 

 

3.3.6 Identification of sections for initial laser ablation 

 

To pilot the techniques, four sections were chosen to be ablated along 5-6 transects per 

tooth section. These four teeth were chosen from 2 children, child HT1 (teeth 54 and 55), 

and child HT11 (teeth 64 and 85) as the child HT1 had high BLL and no carious teeth and 

child HT11 had the lowest blood lead levels. The procedure used to identify the region of 

prenatal and postnatal enamel, and dentine in deciduous molar is described in this section. 
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An Olympus BX51 polarising microscope was used to investigate each ground section. 

The neonatal line was recorded in each tooth section, and was used to establish a baseline 

of sampling points within the tooth enamel and dentine.  

 

To investigate lead levels in enamel, discrete sampling points were ablated along the 

prism trajectory running from the EDJ to the enamel surface. I used the neonatal line as a 

fixed point of birth. It is easier to find the neonatal line in enamel and I started there, and 

divided pre- and postnatal enamel. The intersection at the EDJ was then used to identify 

the neonatal line in dentine; and from that pre- and postnatal dentine were identified. 

Figure 3.6 shows the incremental lines in enamel and dentine from a mesial section of an 

upper first deciduous molar.  

 

For the initial four teeth I identified transects for ablation that would include pre- and 

postnatal enamel and dentine across the tooth surface. For child HT1, in each section 

(HT1-54 and HT1-55) I identified five transects (A-E) for laser ablation. For child HT11, 

six transects were identified (A-F) for HT11-64, while five transects (A-E) were 

indentified for HT11-85. Figure 3.7 and 3.8 illustrate the ablation points for the initial 

four teeth.  
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Figure 3.6 Pattern of incremental lines in enamel and dentine 
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Figure 3.7 Ablation transects for the two tooth sections from child HT1 
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Figure 3.8 Ablation transects for the two tooth sections from child HT11 
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3.3.7 LA-ICP-MS analysis of the sample teeth 

 

The distribution of calcium normalised lead ratios (
208

Pb:
44

Ca) referred to here as lead 

ratios, in the different growth layers were quantified in tooth sections by LA-ICP-MS. 

The principle of LA-ICP-MS are described in detail in chapter 2. The tooth samples were 

analysed at the University of Leeds (School of Earth and Environment) using a GeoLas 

193nm ArF excimer laser coupled to an Agilent 7500c ICP-mass spectrometer. This 

configuration permits high precision, multi-element analysis to be performed on very 

small samples at high spatial resolution.   

 

For the analysis of the tooth samples the most critical laser parameters are given in Table 

3.2. For the ICP-MS instrumentation, intelligent auto-tuning software was used to ensure 

optimum and consistent daily operating conditions. Lead determinations were made in 

time resolved scanning mode using 
208

Pb normalised to 
44

Ca to adjust for within-sample 

variation in calcium and/or changes in ablation rates. No spectral interferences for either 

isotope was noted. The reference material NIST SRM Glass 610 (426µg/gPb) was used 

for instrument calibration and cross-referenced to replicate the analyses of NIST SRM 

Glass 614 (2.32µg/gPb) and NIST SRM Bone Meal 486 (1.34µg/gPb) before and after 

each analytical session in order to validate instrument performance and within-run 

standard errors.  Minimum detection limits were calculated as 3 times the background 

count rates on the carrier gas blank before ablation. Typical minimum detection limits for 

lead in dentine and enamel were 0.005-0.03µg/gPb. Relative changes in lead were 

expressed as Pb/Ca wt% ratios. Absolute concentrations of lead were estimated assuming 

a known concentration of calcium in the sample of 374,000ppmCa for enamel and 

265,000ppmCa for dentine. [13] Data processing was performed off-line using SILLS; a 

software programme specifically written for the signal integration of laboratory laser 

systems by Murray Allan (University of Leeds) and subsequently modified by Dimitri 

Meier and Marcel Guillong (Die Eidgenossische Technische Hocchschule, Zurich). Table 

3.2 provides laser operation parameters and related ICP-MS conditions. 
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Table 3.2 Laser operating parameters and related ICP-MS conditions 

 

 

Laser ablation operating conditions Values 

Laser energy 10J/cm
2
 

Laser pulse rate 5Hz 

Pulses per ablation analysis 200 

Beam diameter 100µm 

Background acquisition time ~20secs 

Signal Acquisition time ~40secs 

 

 

A series of 100µm diameter ablation pits were made at intervals of 100-200µm from the 

outer enamel surface, across the enamel/dentine junction to the dentine/pulp cavity 

interface along pre-identified transects. During ablation, the process was continuously 

monitored on a computer screen via a video camera and visible light sources integrated 

into the optical array.  

 

The LA-ICP-MS recorded elemental intensities were processed using the SILLS software 

package [321],  which was originally developed in Leeds. Data were then imported into 

Microsoft Excel 2007. Lead ratios are multiplied by 10
7 

through this thesis. Figure 3.9 

shows the main components of the LA-ICP-MS used in this study. 
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Figure 3.9 The laser ablation was coupled with the ICP-MS 

 

3.3.8 Age measurement at each ablation point 

 

After the initial four teeth were ablated, they were brought back to the Hard Tissue 

Laboratory, School of Dental Sciences, Newcastle University, in order to undertake the 

histological analysis. Teeth were lapped down another 50µm. The tooth sections were 

turned over so the ablated side was on the slide and then lapped in from the side that was 

not ablated. The purpose of this was to ensure that the ablation pits did not get lapped 

away, so that they can be related to the daily growth increments. The estimation of the 

age of each ablation pit comprises the following three steps: 1) the identification of 

neonatal line in enamel and dentine, 2) the measurement of distance along the prism in 

enamel and along the dentinal tubule in dentine, and 3) deriving ages by dividing the 

distance by mean daily secretion rates. The following section describes the histological 

technique developed to measure age at each ablation point in enamel and dentine.  

 

After determining the position of the neonatal line in enamel, directions and distances to 

the ablation pit along the prism in enamel were measured. The mean daily rate of enamel 
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secretion was determined by the mean distance between the daily growth increments (the 

cross-striations in enamel). The age for each ablation point was calculated by dividing the 

distance (m) from the neonatal line with the mean daily growth rate. This gave the 

number of days and the age from birth to the edge of the enamel sampled by the pit.  The 

diameter of the ablation pits was constant at 100µm. The mean rate of enamel secretion 

was determined alongside the pit to yield the number of days sampled by each pit and the 

age at the end of the sample. In a similar manner, the age of the next pit was determined 

by measuring the distance from the edge of one pit to the next, calculating the mean 

secretion rate of enamel between the two and dividing to yield the number of days 

between the samples.  This was added to the age at the end of the previous ablation pit to 

give the age at the onset of the next sample. The process was continued until the ages 

sampled by each pit were determined. A series of age ranges of six weeks were 

constructed to encompass the maximum number of days within an ablation pit and the 

elemental data from each ablation pit were assigned to one of these age ranges.   

 

A similar strategy was followed to determine the ages sampled by each ablation pit in the 

dentine, using the daily short-period lines known as von Ebner lines. The position of the 

neonatal line in dentine was determined; the distances along the dentinal tubule in dentine 

were also measured. The distance was divided by the mean daily rate of dentine secretion 

as determined by the mean distance between the von Ebner lines. [269] The age for each 

ablation point was calculated by dividing the distance (m) with the mean daily growth 

rate. This gave the number of days and the age from birth to the edge of the dentine 

sampled by the pit. As in enamel, the size of the ablation pits was constant. The mean rate 

of dentine secretion was determined alongside the pit to yield the number of days sampled 

by each pit and the age at the end of the sample.  In a similar manner, the age of the next 

pit was determined by measuring the distance from the edge of one pit to the next, 

calculating the mean secretion rate of dentine between the two and dividing to yield the 

number of days between the samples. This was added to the age at the end of the previous 

ablation pit to give the age at the onset of the next sample. The process was continued 

until the ages sampled by each pit were determined. As with enamel, age ranges of six 

weeks were used to encompass the maximum number of days within an ablation pit and 

the elemental data from each ablation pit were assigned to one of these age ranges.  
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For the most part, the histological sections in the present study showed clear incremental 

lines in both enamel and dentine. To determine the ages and duration of time sampled for 

the ablation pits, measurements followed along transects where incremental lines were 

easy to identify. Previous studies of incremental features in deciduous teeth have found 

them difficult to identify clearly and few studies have been made of primary teeth. 

Fitzgerald and Saunders (2005) suggested overcoming this problem using a practical 

analytical method. That guideline uses information from tooth structures that are clearly 

distinguished, and to interpolate or extrapolate in other tooth areas. For example, when 

cross striations are difficult to visualise in primary tooth enamel, the total time for prism 

growth is measured based on repeatedly calculated cross-striation intervals at any points 

where these striations are clearly seen, as close to prism as possible. [268] Goodman and 

Rose (1990) tested incremental lines could be matched chronology of pairs teeth from the 

same child and set criterion that the accentuate should be visible almost 75% of its length 

from enamel dentine junction to the tooth surface [322], which Dean and Scandrett (1995) 

then applied and proposed an approach to identify difficult incremental lines in each tooth 

region, for instance, the number of clearly identifiable cross striations per 1 cm on each 

montage was counted repeatedly for each enamel regions (inner, middle, outer). [279] 

This strategy was also applied to the present study in a few sections where cross-striations 

were difficult to identify. In dentine, incremental lines were observed more clearly and it 

was not difficult to measuring age or duration of each ablation pit in dentine.  

 

Figure 3.10 shows an estimation of the age of an ablation point in postnatal enamel. To 

estimate the age at the point adjacent to the neonatal line, the distance from the neonatal 

line to the near and far edges of point 1 were measured and identified as X and Y.  Then, 

ten cross striations (white arrows) were measured and the mean daily secretion rate was 

derived. Age was then calculated by dividing distance of either X or Y by the mean of the 

cross-striations. Next, to estimate the ages between two ablation points, the distance 

between two points (1+2) and was measured as Z. Cross striations between those points 

were then measured, and the mean daily secretion rate was derived to calculate the age 

between these two points. This method was used to measure the age of each subsequent 

point across the enamel surface. The cumulative age from the neonatal line to the far edge 

of the last point would represent the sum of the individual ages including the age between 

points.  
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Figure 3.10 Age measurement at ablation point in postnatal enamel  

 

This technique was also used for dentine. The neonatal line was used to divide pre-natal 

and post-natal dentine. Figure 3.11 presents an identification of the neonatal line in 

dentine and the white arrows show the direction of von Ebner’s lines in primary dentine. 

 

Figure 3.11 Age measurement at ablation point in primary dentine 

Neonatal line 

X 

Y 

Point 1 

Z 
Point 2 
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The neonatal line was determined in most of the tooth sections; however, the ablation 

points in some sections did not sample across the neonatal lines (shown as point E2 in 

Figure 3.12), and the method described above was therefore not suitable to measure the 

age of the tooth at that point. An alternative technique using other prominent accentuated 

lines was used to determine the age at these sampling points, which is illustrated in detail 

in Figure 3.12. Firstly, the distance from the neonatal line to the prominent accentuated 

lines was marked as X. The number of daily cross-striations was measured using the same 

technique described above, which was used to calculate the average daily secretion rate. 

Subsequently, the distance between this accentuated line to the edge of the ablation point 

E2 was measured as Y, and divided by the daily secretion rate to determine the number of 

days between the lines. Since the neonatal line identifies birth, the accentuated lines 

provide an age at tooth initiation arrived at by adding the number of days from birth to the 

other subsequently accentuated lines. Therefore, the number of cross-striations is 

measured from any accentuated line of known age to the edge of an ablation point nearest 

to the EDJ. For example, the age of the ablation point sampled across E2 is 30 days, if an 

age of 70 days is calculated from the neonatal line to the accentuated line (X=70 days) 

and the age from the accentuated line to the nearest edge of E2 is 20 days (Y=20 days), 

the age from the neonatal line to the near edge of the ablation point E2 is 90 days (70+20 

days), and the age across point E2 is 90-120 days (90+30 days).   

 

 

Figure 3.12 Age measurement using accentuated lines in postnatal enamel  
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In the present study, the distance between cross striations measured in enamel for the 

initial four teeth ranged from 3.34-3.94m (mean±SD=3.6±0.3). In dentine, the distance 

between von Ebner or short-period incremental lines were between 2.75µm and 2.96µm 

(mean±SD=2.9±0.1).  

 

In the initial four teeth, the number of days within each ablation pit in enamel ranged 

from 22-32 days (Mean±SD=27.6±2.1), slightly lower than those in dentine of 26-42 days 

(Mean±SD=35±1.4). From the measurements we found that a constant 100μm ablation pit 

represented on a maximum of 42 days (6 weeks) of dentine growth. It seems this pit size 

minimises element fractions during LA-ICP MS analyses from previous study. [323] 

Accordingly, a series of age ranges of 6 weeks duration were constructed allowing the 

LA-ICP-MS elemental data to be assigned a chronological age. Lead ratios from each 

ablation pit were assigned to one of these age ranges, which were then numbered from 

interval 1 to interval 10 in enamel and interval 1 to interval 32 in primary dentine. A chart 

of deciduous tooth development was used to clarify the point of each ablation pit (Figure 

3.13) and the conversions of intervals to ages used in this study are given in Table 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 A chart of deciduous tooth development (Courtesy of Wendy Dirks) 
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Table 3.3 Conversion of age intervals into age in days for enamel and dentine 

 

Interval Age Interval Age 

Interval 1 -126 to -168 days Interval 17 514-556 days 

Interval 2 -84 to -126 days Interval 18 556-598 days 

Interval 3 -42 to -84 days Interval 19 598-640 days 

Interval 4 birth to -42 days Interval 20 640-682 days 

Interval 5 birth to 42 days Interval 21 682-724 days 

Interval 6 42-84 days Interval 22 724-766 days 

Interval 7 84-126 days Interval 23 766-808 days 

Interval 8 126-168 days Interval 24 808-850 days 

Interval 9 168-220 days Interval 25 850-892 days 

Interval 10 220-262 days Interval 26 892-934 days 

Interval 11 262-304 days Interval 27 934-976 days 

Interval 12 304-346 days Interval 28 976-1018 days 

Interval 13 346-388 days Interval 29 1018-1060 days 

Interval 14 388-430 days Interval 30 1060-1102 days 

Interval 15 430-472 days Interval 31 1102-1144 days 

Interval 16 472-514 days Interval 32 1144-1186 days 

 

3.3.9 Analytical strategy 

 

Given the small number of data points by age interval, formal statistical analysis of 

consistency was not able to be carried out. Lead ratios were plotted by age interval to 

enable a visual inspection of within and between tooth variations in lead ratio by age. 

Mean and standard deviations were used to represent the daily secretion rates of enamel 

and dentine and the lead ratios across the tooth surface. The consistent lead ratios at the 

same age were observed graphically as shown throughout my thesis. To test whether lead 

ratios were consistent at the same age across the coronal dentine, the ratios were plotted 

against age interval and compared in the two teeth from the same child. Means and 

standard deviations were used to represent the daily secretion rates of enamel and dentine 

and the lead ratios across the tooth surface. For the initial four teeth, scatter charts were 

used to assess intra-individual variability among transects of each tooth. Two sigma 

standard errors (2 Sigma S.E.) for each point were identified, where the 2 sigma S.E. is 

the sum of the errors for lead and calcium concentrations. In the LA-ICP-MS analysis, 

data processing provided the error summary (g/g) for each ablation point. The 

percentage of error for each point was calculated using the error summary (g/g) divided 

by the lead concentrations (g/g). Multiplied by 100, the results are then called the 1 
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sigma error (1 sigma S.E.) for the lead ratio, which is multiplied by 2 to produce the 2 

sigma standard errors for every ablation point.  

 

Once it was established that each age interval showed consistent lead levels no matter 

where it was sampled across the coronal dentine, the method was modified for the 

remaining teeth. One ablation transect was then applied to the remaining teeth in order to 

examine the history of exposure, as detailed in the next section. Owing to the rapidly 

increasing lead ratios found on approaching the pulp cavity, polarised-light microscopy 

was used to identify the different areas of the dentine (primary, secondary and tertiary 

dentine). 

 

3.4 Phase III: Application of the histological technique 

to remaining teeth sample 

 

Based on the findings from the phase II, the lead ratios found were consistent at the same 

age interval in primary dentine, and increased sharply in the dentine near the pulp cavity. 

One ablation transect was therefore sampled in the15 remaining teeth in order to 

determine the history of lead exposure.  

 

Cross striations in the enamel for these 15 teeth were measured and found to range from 

3.04-3.97m (mean±SD=3.34±0.21), which is slightly less than those in the initial four 

teeth. In dentine, the von Ebner lines were measured at between 2.75 µm and 3.01 µm 

(mean±SD=2.91±0.05), which is almost the same as found in the initial four teeth. 

 

The histological technique detailed above was used to identify the age of each ablation pit 

in the 15 remaining teeth. The number of days within ablation pits in enamel ranged from 

27-38 days (Mean±SD=30.7±1.5) which is slightly lower than those in dentine of 29-39 

days (Mean±SD=33.8±0.9). The same series of age ranges of six weeks (42 days) were 

used to encompass the maximum number of days within an ablation pit, and the lead ratio 

from each ablation pit was assigned to one of these age ranges. Figure 3.14 shows an 

application of one ablation transect to one pair from the remaining teeth. 

 

Although the blood lead levels of 15 children were recorded, the BLLs of only 11 

children were used to assess the relationship between tooth and blood lead levels. Four 
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pairs (4/15) were not be able to analyse tooth lead levels due to caries. Spearman’s rank 

test was used to assess the relationship between BLLs and tooth lead levels and the 

children’s age.  
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Figure 3.14 An application of one transect to the remaining teeth
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CHAPTER FOUR 

RESULTS 

 

In the results chapter I will first present the characteristics of the participants of the two 

study cohorts used in my research, the Tooth Fairy Study and the Teesside samples. I will 

then present the results of the three phases of my study to address the key questions of my 

research: 

1. Are mean dentine lead levels associated with known determinants of 

exposure? To address this question I use the findings from phase I: the Tooth 

Fairy Study. 

 

2. Can our histological technique recreate the history of lead exposure over 

a child’s life time? To address this question I present the key findings from 

Phases II and III, the Teeside samples. I will present the results through a 

process of asking four further questions.  

Question 2a: Should we sample enamel and/or dentine? 

Question 2b: How many transects per tooth are required? 

Question 2c: How many teeth per child are required? 

Question 2d: Does tooth type matter? 

 

3. What is the relationship between tooth and blood lead levels? To address  

this question I will present findings from Phase II and III of my study. 

  

4.1 Characteristics of the study participants 

 

4.1.1. Tooth Fairy Study 

 

A: Participants and their main place of residence 

 

The characteristics of the children and their places of residence when sampled are given 

in Table 4.1. Sixty-nine children (36 female, 33 male) were recruited, between the ages of 

5 and 8 years old, with a modal age of 6 years.  
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Children were recruited from seventeen schools located within the Newcastle city 

boundaries (Figure 3.1). Sixty four percent of the children attended 5 local schools 

(Cragside Primary School 24.6%, Archbishop Runcie Church of England First School 

(14.5%), St Oswald’s Catholic Primary School (10.1%), and Grange First School as well 

as Waverly Primary School (7.3%). The remaining 36% studied at 12 other local schools 

(see Figure 3.1). 

 

Nearly 6% of the children had lived in different addresses in their earlier life; however, all 

children lived in Newcastle when recruited into the study. 67% of children had lived in 

their current place of residence for at least 5 years. With regards to the number of people 

living in the household, the majority of children (n=61, 88.4%) lived with two adults, 

51.5% lived with at least two children aged 5 and over, and 84.6% lived with one child 

aged under 5 in the same house. 

 

Around 44% of the children lived in homes built between 1931 and 1960. Most of the 

children (82.6%) lived in houses which had been renovated. About three-quarters of the 

children lived in houses where paintwork was in good condition with no flaking or 

peeling. For those house renovations, old paint (interior or exterior) being burnt off, 

sanded or water blasted was most often selected (43.5%) followed by the demolition of 

ceilings, floors and walls (37.7%) and stripping old paint with chemicals (10.1%).  
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Table 4.1 Characteristics of children and their main place of residence 

 

Characteristics n(n=69) % 
1.  Sex   

Male 33 47.8 

Female 36 52.2 

2. Age (year)   

5 9 13.0 

6 32 46.4 

7 25 36.2 

8 3 4.3 

3. Schools (tertiles of IMD scores)   

≤ 10.00 (least deprived) 2 2.9 

10.01-20.00 34 49.3 

20.01-30.00 24 34.8 

≥ 30.01 (most deprived) 9 13.0 

4. When houses were built (year)   

≤ 1930 19 27.9 

1931-1960 30 44.2 

≥ 1961 19 27.9 

5. IMD scores of place of residence (2007)   

≤10 (least deprived) 25 36.2 

10.01-20.00 12 17.4 

20.01-30.00 8 11.6 

≥30.01 (most deprived) 24 34.8 

6. Household income per month (2005)   

417-1,249 GBP  15 21.7 

1,250-2,083 GBP  21 30.4 

2,084-2,916 GBP  13 18.8 

≥2,917 GBP  20 29.0 

7. Home ever had lead water pipe   

Yes 13 18.8 

No 30 43.5 

Not sure 26 37.7 
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Characteristics n(n=69) % 

8. House cleaning   

8.1 Frequency of house vacuuming   

>1 time/week 44 63.8 

Weekly 19 27.5 

Less than weekly 6 8.7 

8.2 Frequency of cleaning hard floors in the house   

>1 time/week 26 37.7 

Weekly 10 14.5 

Less than weekly 7 10.1 

No hard floors in the houses 26 37.7 

8.3 Methods of cleaning hard floors in the house   

Dry cleaned with a dust pan and brush or broom 2 4.7 

Vacuum / Wet cleaned with mop 27 62.8 

Both methods above 14 32.6 

9. Number of people living in house   

9.1 Number of adults aged over 16 years   

1 8 11.6 

≥ 2 61 88.4 

9.2 Number of children aged 5 and over   

1 24 35.3 

2 35 51.5 

≥ 3 9 13.2 
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B: Characteristics of child’s eating and drinking behaviour and health 

 

A total of 17 (24.6%) of the children lived in houses where fruit and vegetables were 

grown in an allotment plot or in the garden, and of these 13 (76.5%) ate the fruits and 

vegetables grown there. Just over half (55.1%) of the children drank  between ½ pint and 

1 pint of tap water per day, 24.6% of the children drank more than one pint, and 20.3% 

drank less than ½ pint daily. The majority of the children (84.1%) had received bottle 

milk feeds (not including expressed milk) but only 19 children (27.5%) had received 

bottle feeds within 1 month from birth, the remaining 39 children (57%) started bottle 

feeds more than 1 month from birth.  

 

Parents were asked about their child’s hand-to-mouth behaviour that could possibly be 

related to lead contamination. 6 children (8.7%) sucked their thumbs. Only one child 

chewed or sucked painted objects, and one child put small toys or other objects such as 

buttons into his mouth. One child was identified who ate soil, dirt and possibly creatures 

living in soil such as earthworms. Only one parent reported that food was stored in 

pottery or ceramics with leaded glazed or lead crystal/pewter. None of the children ate 

food stored in lead soldered cans. 

 

The majority of the children (94.2%) had no brother or sister with elevated blood lead 

levels: the remaining 5.8% were unsure about their siblings blood lead levels. One child 

or member of their household reported the use of traditional Asian cosmetics. 

  

Information about medical conditions was obtained. Only 9 children (13%) suffered from 

medical conditions such as asthma and eczema. One child had been diagnosed with 

calcium or iron deficiency (anaemia), and this child had also lived with a household 

member involved in electronics and car repair. 8 children (11.6%) had ever taken 

alternative or traditional remedies.  
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C: Socio-economic status and occupational characteristics 

 

Parents were asked about their highest educational levels and monthly income. A total of 

41 (59.5%) of the main wage earners in households were well educated, having attended 

polytechnic or university, 13 (18.8%) had attended colleges of further education or other 

types of college, 15 (21.7%) had attended only primary and secondary school. 

 

Parents were asked about specific occupations that might result in exposure and one third 

of the parents participated in these activities. Of these, electronics (15.9%), followed by 

car repair (14.5%), floor sanding (7.2%), and car battery service/repair or manufacture 

(4.3%) were reported. One parent reported that a household member was involved in 

electronics as well as car repair and floor sanding. Three indicated that household 

members did electronic activity as well as car repair.  

 

It was found that 13 of the children (18.8%) lived in the houses where household 

members had smoked. 

 

IMD scores were used to classify the level of deprivation of the area of each childs place 

of residence and school. For living areas, the 25
th

 percentile was equal to an IMD score of 

10. I then divided IMD scores into four categories as follows: ≤10, 10.01-20.00, 20.01-

30.00 and ≥30.01. Just over half (53.6%) of the children lived in the least deprived areas 

(IMD score≤20). Regarding IMD Scores of schools, I also classified these into the same 4 

categories as the IMD of residence. Only 2 children attended schools located in the least 

deprived areas. Most of the children (~84%) attended schools moderately deprived areas 

(IMD scores of 10.01-30.00), and the remaining 13% attended schools located in the most 

deprived areas (IMD≥30.01).   
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D: Dentine lead levels in children from the Tooth Fairy Study 

 

The Tooth Fairy study involved the collection of deciduous teeth and analysis of lead 

levels in prenatal and postnatal enamel and dentine. Mean lead levels in pre- and post-

natal enamel were lower overall than DLLs, and tended to be lower in each, although not 

every child, as shown in Figure 4.1. Although 68/69 children had detectable lead levels in 

prenatal enamel, only 41/69 children had detectable lead levels in their postnatal enamel, 

making enamel a less useful matrix for exploring lead in low exposure populations. All 

children had detectable levels of lead in dentine, and because dentine captures a 

potentially greater period of exposure history, DLLs were chosen as the potential 

biomarker to study determinants of lead exposure. 

 

 

Figure 4.1 Mean enamel and dentine lead levels in children recruited in the Tooth Fairy 

Study 

 

DLLs ranged between 0.06-0.77ug/g, (Mean±SD=0.25±0.16). Figure 4.2 shows the 

distribution of mean dentine lead levels in the Tooth Fairy study, indicating that these 

data are positively skewed.   
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Figure 4.2 The histogram of mean DLLs in children in the Tooth Fairy Study 
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4.1.2 Details of participants recruited into the Teesside samples 

 

Fifteen children from Teesside were recruited for this study and two extracted teeth were 

collected from each child. Eight teeth from 4 participants (HT:4,7,10,15) and one tooth 

for child HT6 (tooth 65) could not be used for laser ablation due to caries and attrition. Of 

the 21 remaining teeth, one tooth from the child with the highest BLL (HT6-74) and 

another tooth (HT8-84) were ablated but subsequently excluded from the histological 

study due to difficulties identifying the neonatal line in dentine. Details of age, sex, tooth 

type and blood lead levels of the fifteen children sampled are given in Table 4.2. Of the 

15 children, 9 (60%) were male, and 6 (40%) were female. The ages of these children 

ranged from 6-8 years old, with mean 6.9.  

 

Table 4.2 Details of fifteen Teesside children recruited in the histological study  

 

No. Children ID Sex 
Tooth types Age  

(years) 

BLLs 

(µg/dL) Tooth 1 Tooth 2 

1 HT1 Female 55 54 6 1.01 

2 HT2 Male 54 64 7 1.14 

3 HT3 Female 55 65 7 2.18 

4 HT4 Male + + 6 1.47 

5 HT5 Female 65 54 8 1.33 

6 HT6 Female + 74* 8 6.83 

7 HT7 Male + + 6 0.80 

8 HT8 Male 84* 85 7 0.76 

9 HT9 Female 55 65 6 1.45 

10 HT10 Male + + 8 1.22 

11 HT11 Male 85 64 6 0.52 

12 HT12 Male 85 84 8 0.93 

13 HT13 Female 75 84 8 1.36 

14 HT14 Male 74 84 7 0.71 

15 HT15 Male + + 6 1.32 

Mean (SD) 6.9 (0.9) 1.53 (1.5) 

Median 7 1.22 

    + Unable to be used 

     * Excluded from histological study 

 

 

 

 



 

114 

 

4.2 Question 1: Are mean DLLs associated with known 

determinants of lead exposure? 

 

4.2.1 Univariate analyses 

 

Results of the univariate analyses to identify the determinants of DLLs are shown in 

Table 4.3. Mean DLLs were slightly lower in males (0.25g/g) than in females 

(0.26g/g), but this difference was not statistically significant (p>0.05). DLLs were 

higher in children≥7 years old (0.28g/g) than those younger children (≤0.26g/g), but 

again the difference was not statistically significant. There was no significant difference 

between DLLs in children from different schools. Children attending Waverly Primary 

school had the highest DLLs (0.36g/g), followed by Grange First school (0.32g/g) and 

Cragside Primary school (0.29g/g), and the mean lead levels in dentine from those 

attending the remaining schools ranged from 0.18-0.24g/g. When classifying schools 

into four categories using the IMD score of the local area, children who studied in schools 

in moderately deprived areas (IMD scores 20.01-30.00) had the highest mean DLL 

(0.28g/g), followed by lesser deprived IMD scores 10.01-20.00 (0.25g/g) and most 

deprived IMD scores ≥30.01 (0.23g/g). While few children attended schools in the least 

deprived areas (IMD scores ≤10.00) had mean DLLs 0.17g/g. However, no statistically 

significant association between DLLs and the IMD scores of schools was found.  

 

Children from houses with lead water pipes had higher DLLs (0.30g/g) than those 

without (0.24g/g) or those who were not sure about the type of water pipes (0.25g/g), 

but this difference was not significant. Children living in houses built before 1960 had 

higher DLLs (0.27g/g) than those living in houses built after 1960 (0.23g/g), but no 

statistical differences in DLLs was found between these two groups.  

 

In terms of the frequency of house vacuuming, having hard floors in the house, and the 

frequency of cleaning hard floors, no associations were found with DLLs in children. The 

mean DLL was significantly higher in children whose houses were cleaned using only a 

dust pan and brush or broom (0.67g/g) compared to those whose houses were cleaned 

using vacuum/wet cleaned with mop (mean=0.22g/g, p=0.01), however, only 2 children 

populated this former group. Children living in houses where hard floors were cleaned 
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less than weekly had higher dentine lead levels (0.34µg/g) than those living in houses 

where floors were cleaned weekly or more often (≤0.28µg/g), but this difference was not 

statistically significant. 

 

There was no statistically significant difference between DLLs in children living in 

houses with paintwork in good condition and those with some flaking and/or peeling 

paint. With respect to renovations, those reporting renovation had DLLs not significantly 

different from those living in houses without any such renovation. 

 

Children from households without home-grown fruit and vegetables had higher DLLs 

(0.28g/g) than those growing fruits/vegetables (0.19g/g), and this difference was 

statistically significant (p<0.05). However, no statistically significant difference was 

found between DLLs in children who ate those fruits/vegetables and those who did not.  

 

Drinking behaviour and the amount of tap water that the child drank daily was found to 

be a significant determinant of dentine lead levels (p<0.05). Children who drank less than 

1/2 pint tap water per day had higher DLLs (0.34g/g) than those who reportedly drank 

more (0.22-0.26g/g). Children who had been bottle fed milk had slightly higher DLLs 

(0.26g/g) than those who had not (0.23g/g), but this difference was not statistically 

significant. No statistically significant difference was found between DLLs in children 

starting bottle feeding at <1 versus >1 month from birth.  

 

With respect to hand-to-mouth behaviours, children who currently or had ever sucked 

their thumbs had slightly higher DLLs (0.27g/g) than those who did not (0.25g/g), but 

this difference was not statistically significant. The child who reportedly chewed or 

sucked painted objects or put small toys in their mouth had a higher DLL (0.30g/g) but 

this difference was not statistically significant.  

 

Reported medical conditions were not statistically significantly associated with higher 

DLLs. Eczema was most often found among these children (n=5), with asthma (n=3), and 

chest infection (n=1) also reported. Children who suffered from any of these medical 

conditions had higher mean DLLs (0.31g/g) than those who did not (0.25g/g), but the 

difference was not statistically significant. Children who had ever been given traditional 



 

116 

 

remedies had slightly higher DLLs (0.26g/g) than those who had never had those 

remedies (0.25g/g), but this difference was not statistically significant. 

 

With respect to measures of socio-economic status, there was not statistically significant 

effect of educational level of the main wage earner in the household on DLLs in children. 

Children from households with more highly educated members had comparable dentine 

lead levels (0.26g/g) to those where parents had attended only primary and secondary 

schools (0.26g/g). DLLs were lower in households where the main wage earners 

attended colleges of further education (0.23g/g), but this difference was not statistically 

significant. 

 

No statistically significant effect on DLLs was found for household income. The highest 

DLLs (0.28g/g) were found in children from households earning middle incomes (1,250 

to 2,916 GBP monthly). Children with the lowest household income (417-1,249 GBP 

monthly) had the lowest DLLs (0.22g/g). Figure 4.3a shows DLLs in children from 

different household income groups.  

 

Regarding IMD scores of their place of residence, children living in moderately deprived 

areas (IMD scores 20.01-30.00) had the highest DLLs (0.33g/g) compared to those 

living in the least deprived areas (0.28g/g) and most deprived areas (0.22g/g). 

However, these differences were not statistically significant (see Figure 4.3b). DLLs by 

childs postcode are superimposed over IMD scores by LSOA is shown in Figure 4.4.  

 

There was no statistically significant relationship between DLLs and the number of 

people living in the main residence. Children who had only one adult present had higher 

DLLs (0.31g/g) than those who had two or more adults in the house (0.25g/g), but this 

difference was not statistically significant. No difference was found between DLLs and 

number of children aged 5 and over living in the same home.   

 

A higher mean DLL was found in children whose household members had smoked 

(0.27g/g) compared to those who did not (0.25g/g), but this difference was not 

statistically significant.  
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Regarding children’s contact with household members whose jobs or activities involved 

car repair, panel-beating, lead-lighting, lead window-making, lead weight making, 

electronics, ammunition handling, car-battery servicing or manufacture and floor-sanding, 

these activities were not shown to influence the DLLs of the children in this study, 

although only a few cases were affected. 
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Figure 4.3 DLLs by a. household income and b. IMD scores of place of residence 
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Figure 4.4 Map showing DLLs in children living in Newcastle divided by IMD scores by LSOA

River Tyne 
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Table 4.3 Associations between child household characteristics and DLLs 

 

Factors n % Mean SD p-value 

1. Sex 69    0.80 

Male 33 47.8 0.25 0.13  

Female 36 52.2 0.26 0.17  

2. Age (years) 69    0.60 

5 9 13.0 0.26 0.13  

6 32 46.4 0.24 0.17  

≥7 28 40.6 0.28 0.15  

3. Schools (by IMD scores) 69    0.71 

≤10.00 (least deprived) 2 2.9 0.17 0.12  

10.01-20.00 34 49.3 0.25 0.15  

20.01-30.00 24 34.8 0.28 0.16  

≥30.01 (most deprived) 9 13.0 0.23 0.18  

4. Home ever had lead water pipe 69    0.59 

Yes 13 18.8 0.30 0.19  

No 30 43.5 0.24 0.15  

Not sure 26 37.7 0.25 0.16  

5. Years that house was built 68    0.60 

≤1930 19 27.9 0.26 0.13  

1931-1960 30 44.2 0.27 0.18  

≥1961 19 27.9 0.23 0.14  

6. House cleaning      

6.1 Frequency of house vacuuming 69    0.44 

>1 time/wk 44 63.8 0.24 0.15  

Weekly 19 27.5 0.29 0.18  

Less than weekly 6 8.7 0.22 0.13  

6.2. Hard floor in house 69    0.33 

Yes 43 62.3 0.27 0.17  

No 26 37.7 0.23 0.12  
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Factors n % Mean SD p-value 

6.3 Frequency of cleaning hard floor in the 

house 
43    0.14 

>1 time/wk 26 60.5 0.28 0.18  

Weekly 10 23.3 0.18 0.07  

Less than weekly 7 16.2 0.34 0.22  

6.4 Methods of cleaning hard floors in the 

house 
43    0.01** 

Dry cleaned with a dust pan and brush or 

broom 
2 4.7 0.67 0.14  

Vacuum / Wet cleaned with mop 27 62.8 0.22 0.14  

Both methods above 14 32.5 0.30 0.15  

7. General condition of the interior 

paintwork 
69    0.80 

Paint is in good condition with no flaking or 

peeling 
51 73.9 0.25 0.15  

There is some flaking or peeling 18 26.1 0.26 0.17  

8. Renovation  69    0.49 

Yes 57 82.6 0.26 0.16  

No 12 17.4 0.23 0.15  

8.1 Old paint sanded or water blasted 69    0.30 

Yes 30 43.5 0.28 0.17  

No 39 56.5 0.24 0.14  

8.2 Old paint stripped with chemical 69    0.22 

Yes 7 10.1 0.32 0.25  

No 62 89.9 0.25 0.14  

8.3 Ceiling, floor or wall demolished 69    0.91 

Yes 26 37.7 0.26 0.17  

No 43 62.3 0.25 0.15  

8.4 None of the renovations above 69    0.86 

Yes 17 24.6 0.26 0.15  

No 52 75.4 0.25 0.16  

9. Growing fruits or vegetable in the 

house’s garden 
69    0.05** 

Yes 17 24.6 0.19 0.10  

No 52 75.4 0.28 0.17  
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Factors n %   Mean SD p-value 

9.1 Eating fruits or vegetable grown in 

the house’s garden 
17    0.77 

Yes 13 76.5 0.19 0.11  

No 4 23.5 0.21 0.10  

10. Amount of tap water that child 

drinks daily 
69    0.04** 

Up to 1/2 pint 14 20.3 0.34 0.17  

1/2 pint to 1 pint 38 55.1 0.22 0.15  

More than one pint 17 24.6 0.26 0.13  

10.1 Child ever received bottle feeds 69    0.51 

Yes 58 84.1 0.26 0.17  

No 11 15.9 0.23 0.09  

10.2 Child received bottle feeds at age: 69    0.36 

Less than 1 month 19 27.5 0.27 0.18  

1-12 months 19 27.5 0.28 0.18  

≥13 months 20 29.0 0.23 0.14  

Never 11 16.0 0.23 0.15  

11. Hand to mouth behaviours      

11.1 Child sucks his thumb 69    0.84 

Yes and ever sucked but not currently 6 8.7 0.27 0.14  

No and never has 63 91.3 0.25 0.16  

11.2 Child chews/sucks painted objects/has 

small toy in mouth 
69    0.30 

Yes and ever sucks but not currently 6 8.7 0.30 0.14  

No and never has 63 91.3 0.25 0.16  

12. Medical conditions      

12.1 Child suffered from medical 

conditions 
69    0.31 

Yes 9 13.0 0.31 0.17  

No 60 87.0 0.25 0.15  

12.2 Child has traditional remedies 69    0.91 

Yes 8 11.6 0.26 0.17  

No 61 88.4 0.25 0.16  

 

 

 



 

123 

 

Factors n % Mean SD p-value 

13. Socio-economic status      

13.1 Highest education of the main wage 

earner  in the household  
69    0.83 

Primary or Secondary school 15 21.7 0.26 0.17  

College of further education 13 18.8 0.23 0.17  

Polytechnic or University 41 59.5 0.26 0.15  

13.2 Household income per month  69    0.64 

417-1,249 GBP  15 21.7 0.22 0.17  

1,250-2,083 GBP  21 30.4 0.28 0.19  

2,084-2,916 GBP  13 18.8 0.28 0.15  

≥2,917 GBP  20 29.0 0.24 0.11  

13.3 IMD scores of place of residence 

(2007) 69  
  

0.26 

≤10 (least deprived) 25 36.2 0.28 0.18  

10.01-20.00 12 17.4 0.23 0.13  

20.01-30.00 8 11.6 0.33 0.17  

≥30.01(most deprived) 24 34.8 0.22 0.12  

14. Number of people living in the house      

14.1 Number of adults aged over 16 years 69    0.28 

1 8 11.6 0.31 0.16  

≥ 2 61 88.4 0.25 0.16  

14.2 Number of children aged 5 and over 68    0.46 

1 24 35.3 0.22 0.13  

2 35 51.5 0.27 0.17  

≥ 3 9 13.2 0.27 0.17  

15. Household members smoked in the 

main place of residence 
69    0.65 

Yes 13 18.8 0.27 0.18  

No 54 78.2 0.25 0.15  

16. Household members have taken part in 

activities with potential lead exposure 
     

16.1 Car repair 69    0.90 

Yes 10 14.5 0.26 0.19  

No 59 85.5 0.25 0.15  
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Factors n % Mean SD p-value 

16.2 Electronics 69    0.72 

Yes 11 15.9 0.27 0.17  

No 58 84.1 0.25 0.16  

16.3 Car battery service/repair or 

manufacture 
69    

0.97 

Yes 3 4.3 0.26 0.24  

No 66 95.7 0.25 0.15  

16.4 Floor sanding 69    0.55 

Yes 5 7.2 0.21 0.16  

No 64 92.8 0.26 0.16  

16.5 None of the above activities 69    0.30 

Yes 43 62.3 0.27 0.16  

No 26 37.7 0.23 0.14  

 

Figure 4.5 shows the distribution of DLLs in each of the 4-6 ablation pits for each child. 

The majority of the children had mean DLLs<0.5µg/g (an arbitrary cut off). Seven 

children had DLLs>0.5µg/g (D-J). Of these 7 children, two (E and F) lived with a 

household member involved with electronics, and two (D and F) lived with a household 

member who worked in car repairs, and another child (G) had lived with parents who 

stored food in pottery or ceramic with lead glaze. Four of these children (E, G, I & J) had 

a statistically greater spread (SD>0.08) of sampled DLLs than other children. Compared 

to a cut off mean DLL=0.5µg/g, these four children had higher median DLLs as for 0.54, 

0.55, 0.68 and 0.78µg/g respectively. A further three children (A, B and C) had DLLs less 

than 0.5µg/g but showed a greater spread in DLLs across the sample pits.  
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Figure 4.5 Distribution of DLLs across sampling points in each tooth from the Tooth Fairy study
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4.2.2 Multivariate analyses 

 

Multivariate linear regression was used to test the association between determinants of 

lead exposure and dentine lead levels, and the regression model is shown in Table 4.4. 

Determinants entered into the regression model included sex, age, year that the house was 

built, household income, presence of lead water pipes in the house, frequency of cleaning 

hard floors in the house, growing fruits or vegetables in the gardens, and amount of tap 

water that the child drank daily. Four independent variables were eventually used in the 

final model: frequency of cleaning hard floors in the house, amount of tap water that the 

child drank daily, year that the house was built and household income per month as a 

categorised variable. However, none of these variables was significantly associated with 

DLLs.  

 

Table 4.4 Multiple regression analysis examining the determinants of DLLs 

 

Variables Coefficient Std. Error β t p-value 

1. Frequency of cleaning hard floor in the house 

    : > 1 time/week 0.13 0.06 0.38 2.08 0.46 

    : Less than weekly 0.20 0.08 0.43 2.46 0.19 

    : Weekly* -     

2. Amount of tap water that child drank daily 

    : Up to ½ pint 0.17 0.06 0.43 2.86 0.17 

    : More than one pint 0.03 0.06 0.07 0.45 0.66 

    : ½ pint to 1 pint* -     

3. Year that house was built 

    : ≤ 1930 -0.01 0.08 -0.03 -0.12 0.9 

    : 1931-1960 0.07 0.06 0.19 1.14 0.26 

    : ≥ 1961*
 

-     

4. Household income per month 

    : 417-1,249 GBP 0.04 0.08 0.01 0.06 0.95 

    : 1,250-2,083 GBP -0.01 0.07 -0.02 -0.09 0.93 

    : 2,084-2,916 GBP 0.14 0.09 0.28 1.59 0.12 

    :≥2,917 GBP* -     
 

Constant = 0.052 ; Std. Error = 0.077 ; R = 0.62 ; R
2
 = 0.38 ; F = 1.29 ; p-value = 0.42 

*References category for variables in group 
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Summary 

Question 1: Are mean dentine lead levels associated with known determinants of 

exposure? 

Answer: Unlike other studies, from the Tooth Fairy Study did not show a clear 

relationships between determinants of lead exposure and DLLs in children living in 

Newcastle.  

 

The sampling pits in the Tooth Fairy study were located randomly as 4-6 points in the 

coronal dentine. Given the chronological development of dentine, these mean DLLs tell 

us something about lead exposure across various and inconsistently sampled ‘snapshots’ 

in time, meaning this biomarker potentially varies child by child, making interpretation 

difficult. We therefore decided that a more refined sampling strategy, using dental 

histology, was needed to develop an optimal and meaningful sampling technique. Earlier 

studies measured tooth lead levels and used the neonatal line to identify pre- and postnatal 

lead exposure. Humphrey and colleagues developed a novel sampling strategy for trace 

elements, including lead [245, 246, 253, 284, 324], using a combination of LA-ICP-MS 

and growth increments in enamel in histological tooth sections. Their work demonstrated 

that a detailed chronology of the incorporation of trace elements in enamel could be 

reconstructed using histological ground sections. Dentine also has incremental lines, and 

mineralises throughout the life of the tooth, and therefore held potential to record the 

detailed chronology of lead exposure. The second and third phases of my study aimed to 

reconstruct the life-time lead exposure in children by sampling dentine as well as enamel, 

modifying the techniques developed by Humphrey and colleagues. 
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4.3 Question 2: Can our histological technique recreate 

the history of lead exposure over a child’s life time? 

 

4.3.1 Question 2a: Should we sample enamel and/or dentine? 

 

In the second phase of this study, two teeth from child HT1 (teeth 54 and 55) and two 

teeth from child HT11 (teeth 64 and 85) were selected for ablation to develop the 

histological technique. The criteria for choosing these two children were their sections 

were sound, and able to be sectioned in a way to reveal histology of the dentine. These 

two children had moderate and low BLLs, so would test if we could detect DLLs with our 

approach.  

 

For each tooth surface, five transects (A-E) of around 2-7 ablation pits per transect in 

enamel and a minimum of 10 ablation pits per transect in dentine were sampled. The lead 

ratios were mapped using ArcGIS 9.3 software. Figure 4.6 shows the distribution of lead 

ratios across each tooth surface for the two teeth for child HT1 and Figure 4.7 shows the 

lead ratios by age interval across transects in dentine for this child.   

 

For child HT1 (tooth 54), lead ratios were determined for five transects (A-E) at ablation 

points that included sampling points on either side of the neonatal line in both enamel and 

dentine. Lead ratio distributions in each transect showed a similar pattern, with 

comparatively low ratios of lead observed in enamel, while postnatally formed dentine 

showed a marked increase in lead ratio, particularly in the regions close to pulp cavity. 

Lead ratios slightly differed between pre- and postnatal enamel with ratios in pre- and 

postnatal enamel ranging from 0.44 to 1.37 (mean±SD=0.69±0.36) and 0.45 to1.30 

(mean±SD=0.8±0.31) respectively, but these ratios were not significantly different (there 

were only a small number of sampling points (1-5 points per transect)). In dentine, lead 

ratios in prenatal and postnatal dentine ranged from 2.5-3.21 (mean±SD=2.85±0.26) and 

2.46-113.20 (mean±SD=14.15±26.53), respectively.  

 

For tooth HT1-55, similar trends of lower lead levels in enamel and higher lead ratios in 

dentine were also found. Lead ratios in pre- and postnatal enamel ranging from 0.42 to 

0.68 (mean±SD=0.57±0.1) and 0.46 to 2.15 (mean±SD=0.89±0.5), respectively. In 

dentine, lead ratios in prenatal and postnatal dentine ranging from 2.11 to 3.44 
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(mean±SD=2.73±0.55) and 2.37 to 63.01 (mean±SD=8.36±13.43), respectively. For all 5 

transects, lead ratios gradually increased with age after birth from EDJ to the enamel 

surface, the highest values being recorded in enamel closest to the crown surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

130 

 

 

 

 

Figure 4.6 Distribution of lead ratios across two teeth for child HT1 

 

 

Figure 4.7 Comparison of dentine lead ratios by age interval in the two teeth for child 
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For child HT11 who had the lowest BLL of 0.52g/dL, six transects (A-F) were 

measured across tooth HT11-64, but for transect ‘F’ age at each ablation point was not 

measured due to unidentifiable incremental growth lines. Lead ratio distributions in each 

transect showed the same pattern as child HT1, i.e low ratios observed in enamel, higher 

ratios in postnatally formed dentine, particularly in the regions close to the pulp cavity. 

(Figure 4.8 and 4.9) Lead ratios in prenatal enamel between 0.69 and 1.53 

(mean±SD=1.09±0.42), and in postnatal enamel between 0.52 and 1.52 

(mean±SD=0.91±0.39). Lead ratios in prenatal dentine range 3.47-6.08 

(mean±SD=4.7±0.9), lower than in postnatal dentine 1.38-127.20 

(mean±SD=12.52±24.28). In tooth HT11-85, lead ratios in postnatal enamel ranging from 

0.52 to 3.16 (mean±SD=1.11±0.67), but lead ratios in prenatal enamel were not identified 

because there were no sampling points in prenatal enamel. Lead ratios in prenatal dentine 

ranged from 1.95-3.21 (mean±SD=2.58±0.53), which are lower than those in postnatal 

dentine 1.96-108.03 (mean±SD=8.28±14.62). 

 

Average lead ratios together with the age range of enamel formation were measured for 

each tooth from children HT1 and HT11. Comparatively low ratios were determined in 

prenatal enamel and higher ratios were found in postnatal enamel. For each tooth, it is 

difficult to identify a trend of lead ratios along the prisms due to the small number of 

sampling points in enamel. However a tendency for these values to increase from the EDJ 

to the enamel surface was found in some teeth. The age ranges for enamel formation at 

the sampling points ranged from 146 days (5 months) before birth to 247 days (8 months) 

after birth. In child HT11 tooth 64, average enamel lead ratios were slightly higher than 

those in the other tooth (tooth 85) from the same child. However, no significant 

differences between lead ratios in enamel for the pairs of teeth from each child were 

found. In dentine, comparatively low ratios were determined in prenatal dentine and 

higher ratios were found in postnatal dentine. The age ranges for the formation of dentine 

ranged from 185 days (6 months) before birth to 1,033 days (3 years) after birth. 

 

Overall in the initial four teeth, lead ratio distributions in each transect showed a similar 

pattern, with comparatively low ratios of lead observed in enamel, higher ratios in 

postnatally formed dentine, with the highest ratios in the regions close to the pulp 

chamber. Regarding ages of exposure, dentine provided a record of exposure over a 

longer period than enamel. Based on these findings, dentine was identified as the more 

promising biomarker for identifying the chronological record of early life exposure.  
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Figure 4.8 Distribution of lead ratios across two teeth for child HT11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Comparison of dentine lead ratios by age interval in the two teeth for child  
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Summary 

Question 2a: Should we sample enamel and/or dentine? 

Answer: Dentine provides the best opportunity to explore the detailed chronology of lead 

exposure as it incorporates higher levels of lead and represents a longer period of 

exposure than enamel. 

 

4.3.2 Question 2b: How many transects per tooth are required? 

 

In enamel, Humphrey and colleagues (2008) demonstrated that calcium normalised 

strontium intensities at the same age varied depending upon where samples were located 

in the crown of the tooth. [245]  This is due to the gradients of enamel mineralisation 

across the tooth crown. [245, 324]  They also determined that a reliable chronology could 

be determined when controlling for distance from the surface of the tooth. [324] Dentine 

and enamel mineralise differently but dentine also continues to mineralise after its initial 

formation.  The second step in answering question 2 was to determine whether sampling 

pits in dentine which sampled the same age of formation had similar levels of lead and 

whether location in the coronal dentine needed to be taken into account when analysing 

the data; i.e. to determine how many transects were required for each tooth to give a 

reliable signal of lead exposure history.  

 

To test the extent of within-tooth trace element variation, five ablation transects were 

made across two teeth from each child (HT1-54,55 and HT11-64,85), orientated to follow 

dentine tubules from the EDJ to the pulp cavity, from all regions within the tooth crown. 

Lead ratios in dentine were measured along these transects from the crown to the pulp 

cavity. My focus was on coronal dentine (the dentine under the tooth crown) which 

consists principally of primary dentine, so the results are presented mainly for primary 

dentine as show in Figure 4.10 and 4.11. However, I also identified secondary dentine in 

some tooth sections.  

 

The results showed consistent lead ratios at the same age interval in dentine, irrespective 

of where the transect was within the tooth. Comparatively higher lead ratios were found 

in postnatal dentine than in prenatal dentine but when aligned by age interval, lead ratios 

across transects were consistent, with all transects showing a steady increase in lead ratio 

with age, with lead ratios rapidly increasing approaching the pulp cavity. A comparison 
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of lead ratios in each transect across the primary dentine in both teeth from each child 

shows the same pattern, see Figure 4.10 and 4.11 (these figures show the same data as 

Figure 4.7 and 4.9 but focus on primary dentine, allowing the Y axis to be stretched to 

show finer details). 

 

For child HT1 tooth 54, the average lead ratio in primary dentine before birth was 2.7, 

and this slightly increased to 5.9 at 430-472 days (1 year 3 months) after birth before 

significantly increasing almost fivefold to 27.8 at 514-556 days (1.5 years) after birth. For 

child HT1 tooth 55, the average lead ratio in dentine before birth was 2.8, which slightly 

increased to 5.7 between 430 and 472 days (1 year 3 months) after birth, and then 

increased markedly to 42 at the age of the ablation pit between 808-850 days (2 years 4 

months) after birth. In this child, the largest variation in measurement error was found in 

the primary dentine close to the pulp cavity, and in secondary dentine. 

 

For child HT11, tooth 64, average lead ratios in primary dentine before birth were 4.7, 

increased slightly to 6.5 until 598-640 days (1 year 9 months) after birth, before gradually 

increasing after 2 years. For child HT11 tooth 85, the average lead ratio in primary 

dentine was around 2.6 before birth, then slightly increasing to 4.2 until 600 days (1 year 

8 months) after birth and significantly increasing after that until 2.5 years after birth. 

 

The results for both children indicate that lead ratios in primary dentine are consistent in 

teeth from the same child at the same age interval, and slightly increase with age after 

birth in both children, as shown in most transects. Higher ratios were found around the 

dentine close to the pulp cavity. Mean levels of error for lead ablation points in dentine 

are higher than those in enamel, however, levels of error are still relatively low (<4).  

 

From these results and associated histological data it was evident that individual transects 

corresponded to different postnatal periods after birth. However, irrespective of the age 

period covered by each transect, the lead ratios at the same age interval remained similar. 

Although lead ratios in primary dentine in the initial four teeth were low, the ratios show 

consistent characteristics, with the profile for lead being relatively flat apart from the 

postnatal dentine close to the pulp cavity, and show no significant changes in 

concentration with age.  
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Given the consistent patterns in lead ratios at the same age interval across two teeth from 

each child, we decided that for the remaining pairs of teeth only one transect per tooth 

was required to demonstrate the magnitude and temporal changes in lead ratios.  
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Figure 4.10 A comparison of lead ratios in primary dentine in two teeth from child HT1 
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Figure 4.11 A comparison of lead ratios in primary dentine in two teeth from child HT11 
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Summary 

Question 2b: How many transects per tooth are required? 

Answer: Based on results in a small set of good tooth sections, in primary dentine, one 

transect may provide the pattern of lead ratios which are consistent at the same age within 

each tooth, indicating that the history of lead exposure may be determined using a single, 

multi-point ablation transect on longitudinal sections of individual teeth. However, we 

recommend further validation this finding in larger population samples, including 

populations with known lead exposure. 

 

4.3.3 Question 2c: How many teeth per child are required? 

 

Preliminary results from the initial four teeth indicated that consistent lead ratios at the 

same age interval were found in primary dentine, although this pattern was less consistent 

closer to the pulp cavity where lead ratios increased rapidly. Based on these trends, only 

one transect was ablated in the 16 remaining teeth in order to further explore the value of 

lead ratios in dentine as a biomarker of the history of lead exposure. Although I collected 

two teeth for each child, it was not possible to measure the age of ablation pits for child 

HT8 tooth 84 (HT8-84) due to poor section quality. 

 

For the 15 remaining teeth with histological data, the age ranges for dentine formation at 

the sampled points ranged from 98 days (~3 months) before birth to 1,102 days (~3 years) 

after birth. The average measurement error was low except in the two teeth from child 

HT3, discussed further below. 
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The pattern of lead ratio distribution and lead ratios in primary dentine in the two teeth 

from each child (8 children) are shown in Figures 4.12-4.27. Most of the teeth show the 

same pattern observed in the initial two teeth each child, with lower lead ratios in enamel, 

higher ratios in dentine, and the highest ratios near the pulp cavity, with the exception of 

child HT14 (Teeth 74 and 84). For this child at the same age interval, average lead ratios 

in primary dentine of tooth 84 were 4-5 times higher than those in tooth 74. Although 

child HT3 had the highest lead ratios but two teeth from this child also show consistent 

lead ratios at the same age interval.  

 

 

 

 

 

 

Figure 4.12 Lead ratio distribution for the two teeth from child HT2  

 

 

Figure 4.13 Lead ratios in primary dentine for two teeth from child HT2 
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Figure 4.14 Lead ratio distribution for the two teeth from child HT3 

 

Figure 4.15 Lead ratios in primary dentine for two teeth from child HT3 
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Figure 4.16 Lead ratio distribution for the two teeth from child HT5 

 

 

Figure 4.17 Lead ratios in primary dentine for two teeth from child HT5 

HT5-65-Dist 
HT5-54-Mes 



 

141 

 

0

20

40

60

80

100

120

140

160

180

200

220

240

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Age interval

L
e

a
d

 r
a

ti
o

s

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 Lead ratio distribution for the two teeth from child HT8 

 

 

Figure 4.19 Lead ratios in primary dentine for child HT8 tooth 85 
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Figure 4.20 Lead ratio distribution for the two teeth from child HT9 

 

 

Figure 4.21 Lead ratios in primary dentine for two teeth from child HT9 
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Figure 4.22 Lead ratio distribution for the two teeth from child HT12 

 

 

Figure 4.23 Lead ratios in primary dentine for two teeth from child HT12 
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Figure 4.24 Lead ratio distribution for the two teeth from child HT13 

 

Figure 4.25 Lead ratios in primary dentine for two teeth from child HT13 
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Figure 4.26 Lead ratio distribution for the two teeth from child HT14 

 

 

Figure 4.27 Lead ratios in primary dentine for the two teeth from child HT14 
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As shown in Figure 4.28 with the X axis scaled to the same values for all teeth pairs, little 

difference was seen between lead ratios sampled in the primary dentine at the same age 

interval for the two teeth from the same child with exception of child HT3 and HT14, 

indicating that one transect in one tooth is probably sufficient to recreate patterns of lead 

incorporation over the child’s early years, although pairs showed continue to be studied 

until we know more about this inter-tooth variability. 

 

With respect to inter-child variability, we found that the majority of the transects from 

each child showed a consistent pattern in dentine of low lead ratios that slightly increased 

by age interval, with the highest lead ratios being found in the dentine near the pulp 

cavity. However, the two teeth from child HT3 did not follow this pattern (Figure 4.15). 

Lead ratios in primary dentine for this child increased until interval 304-346 days (8 

months) after birth, then they slightly decreased around one year after birth, and 

afterwards significantly increased moving towards the pulp cavity. These reproducible 

changes in lead ratios can be traced in both deciduous molars (HT3-55, 65) from birth to 

dentine pulp cavity. This lead distribution seems likely to be due to lead exposure 

experienced by this child during their early life, and therefore suggests that dentine 

analysed using this technique may be useful in identifying the history of lead exposure.  

 

Summary 

Question 2c: How many teeth per child are required? 

Answer: The results showed that differences in lead ratios between good sections in two 

teeth from the same child were small although we do not provide sufficient evidence that 

one tooth is sufficient. We recommend an expansion of this study with a larger number of 

samples and the collection of multiple teeth from each of the participants to allow 

refinement and confirmation of the histological technique proposed in the present study. 
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Lead ratios in child HT3
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Lead ratios in child HT5
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Figure 4.28 Comparison of primary dentine lead ratios of all samples from two teeth each 

child 
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4.3.4 Question 2d: Does tooth type matter? 

 

A comparison between lead ratios in primary dentine from different children but the same 

tooth type (tooth types 54, 55, 64, 65, 84 and 85) was made. The same trend of steadily 

increasing lead ratios with age interval and a rapid increase upon approaching the pulp 

cavity was found among matched tooth types as shown in Figures 4.29-4.34. Significantly 

different lead ratios across two children who had tooth type 55 and 65 were found, 

although this is probably because primary dentine lead ratios in HT3 were >100 times 

higher than those in other children irrespective of tooth type. In addition, there was some 

variation in lead ratios at the same age interval across the three children who had donated 

tooth type 84 (Figure 4.33), although the trend of increasing lead ratios with age interval 

was seen in all three teeth. 

 

Summary 

Question 2d: Does tooth type matter? 

Answer: Tooth type appears not to be a critical in determining variations in lead ratios in 

the present study, although we only analysed one tooth type (molar) so recommend 

further study in multiple tooth types to explore potential variations of lead levels between 

different tooth types.  
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Figure 4.29 Comparison of primary dentine lead ratios among children with tooth type 54  

 

 

Figure 4.30 Comparison of primary dentine lead ratios among children with tooth type 55  
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Figure 4.31 Comparison of primary dentine lead ratios among children with tooth type 64  
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Figure 4.32 Comparison of primary dentine lead ratios among children with tooth type 65  
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Figure 4.33 Comparison of primary dentine lead ratios among children with tooth type 84  
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Figure 4.34 Comparison of primary dentine lead ratios among children with tooth type 85 
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4.4. Question 3: What is the relationship between tooth 

and blood lead levels? 

 

For the 15 children recruited into the Teesside sample, blood lead levels ranged from 

0.52-6.83g/dL (mean±SD=1.53±1.5), and none of the children had a BLL above the 

WHO threshold of 10g/dL. The mean ranking of BLL was higher in females than in 

males (p=0.018). The median BLL for females of all ages was 1.41g/dL and for males it 

was 0.93g/dL. Children aged 8 years had slightly higher BLLs than those aged 6-7 

years, but no significant association between BLL and age was found.  

 

No correlation was seen between blood and tooth lead levels in the 11 children for whom 

tooth lead levels were assessed. The correlation between the maximum DLLs close to the 

pulp cavity and BLLs was not explored. Figure 4.35 shows a scatter plot of blood and 

enamel lead levels of children from the Teeside sample, and Figure 4.36 presents a scatter 

plot of blood and dentine lead levels of children from the Teeside sample. 

 

Lead ratios in enamel were consistently low (<10), with the exception of child HT3. The 

highest lead levels in dentine were also found in this child. Child HT6 showed the highest 

blood-lead concentration (6.83µg/dL), nevertheless, enamel and dentine lead ratios in this 

child were low.  

 

Summary 

Question 3: What is the relationship between tooth and blood lead levels? 

Answer: There was no statistically significant association between tooth and blood lead 

levels in the Teesside samples. 
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Figure 4.35 Scatter plot of blood and enamel lead levels of children from the Teeside 

sample 

 

 

 

 

 

 

 

 

 

 

Figure 4.36 Scatter plot of blood and primary dentine lead levels of children from the 

Teeside sample 
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Although we expected to apply the histological technique to every child especially child 

HT6 who had the highest BLL of 6.8g/dL at 8 years old, tooth sections 65 and 74 from 

child HT6 were unable to undergo the histological analysis. Because of the extensive 

damage to these teeth from caries. The teeth could not be sectioned through the ideal 

plane so ages for ablation pits could not be determined. One tooth (HT6-74) was ablated. 

Figure 4.37 shows the spatial distribution of lead ratios in the enamel and dentine in a 

mandibular left first molar from this child. Seven transects (A-G) were made across the 

tooth surface. The pattern of lead ratio in each transect varied. Comparatively low lead 

ratios were observed in the enamel in transects B and D, while these ratios in transects C 

fluctuated between the enamel and dentine. Lead ratios in dentine for transects A-F were 

inconsistent.
 
These ratios in enamel and dentine ranged from 1.43-5.96 

(mean±SD=3.20±1.6) and 1.62-73.46 (mean±SD=8.12±9.7), respectively. Comparing the 

trends of the lead ratios, it can be seen from transect D that higher lead ratios were found 

in the dentine close to EDJ, which slightly decreased when moving to the inner dentine 

before increasing again close to the pulp cavity. Prenatally formed dentine in transect E 

showed lower lead ratios than those in postnatally formed dentine. The most striking 

results to emerge from the data for transects F and G are that lead ratios in these lines are 

relatively stable from the surface to the innermost layer. However, teeth from this child 

did not provide good sections due to caries, and direct comparisons with lead ratios in 

other teeth were difficult. 
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Figure 4.37 The spatial distribution of lead ratios in a primary mandibular left first molar 

for HT6-74 from the child with the highest BLL
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CHAPTER V 
DISCUSSION AND CONCLUSIONS 

 

5.1 Discussion 

 

My study was designed to explore whether milk teeth are suitable biomarkers for 

determining the history of exposure to lead. Such a biomarker would have the potential 

for helping to identify sources of exposure and highlight vulnerable stages in the life 

course. The key findings of the epidemiological study were that no associations were 

found between determinants of lead exposure and DLLs in Newcastle. The histological 

study showed that histological dating of growth increments in milk teeth, in combination 

with LA-ICP-MS analysis, could provide a timeline of exposure to lead in primary 

dentine from in utero up to three years after birth, using the true time of dentine formation 

and growth. After comparing two teeth from each child, and multiple transects within 

each tooth, I have shown that a meaningful history of exposure to lead could be obtained 

from a single, multi-point ablation transect on a high quality longitudinal section of an 

individual tooth. The histological data demonstrated that the primary dentine of deciduous 

teeth can be used to reconstruct a chronological record of childhood exposure to lead. The 

following sections discuss these findings in the light of previous research. 

 

5.1.1 Epidemiological study 

 

The Tooth Fairy study was conducted in Newcastle upon Tyne, which is a city with a 

long history of lead smelting and mining in the surrounding areas, and therefore a wide 

range of possible environmental lead sources including soil. I analysed data on DLLs 

alongside data from a questionnaire both collected in 2005.  

 

The overall mean DLL of the children in this study was low (0.25µg/g). The levels from 

Newcastle in 2005 were lower than the mean DLLs reported by Grobler et al (2000) in 

primary teeth of 48 children from non- polluted areas in South Africa (Mean DLLs were 

2.23±1.32µg/g). [241] The mean DLL in the current study was also considerably lower 

compared to earlier studies from the UK, which had used whole teeth. Smith et al (1983) 

undertook a survey of 6,875 children from 168 infant schools in London between 
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December 1979 and April 1982, so more than twenty years earlier than the current study. 

They analysed a total of 2,564 teeth from 1,917 children. The upper central incisors 

(30.1% of all teeth collected) had a mean tooth lead level of 5.7±2.9μg/g (for the right 

incisors) and 5.6±2.9μg/g for the left. [325] The DLLs in the present study were also 

lower than those (mean±SD of 4.4±3.5 µg/g and 3.3±2.5µg/g) reported from primary 

school children in Taipei and Boston (1991). [127]  

 

In considering possible explanations for these differences in tooth lead levels, 

methodological differences may be responsible, as well as real differences relating to the 

different locations and time periods concerned. Firstly, it is likely that the decline 

observed in tooth lead levels over time is real and explained by control measures such as 

phasing out of leaded petrol and use of lead as pigment in paints. [152, 326]  Secondly, a 

number of studies have reported that lead concentrations in teeth vary between regions, 

with children living in polluted areas showing higher levels than children in less polluted 

areas. [155, 156, 327]. Site specific factors influencing lead bioavailability, and individual 

factors influencing exposure, which in turn may be influenced by gene-environment 

interaction of lead, may also play a role in determining the different DLLs observed. 

[127]  

 

Surprisingly, I did not find significant associations between established determinants of 

lead exposure and DLLs. None of the demographic variables such as age and sex, or 

socio-economic variables were statistically significant independent predictors of DLLs in 

this cohort.  

 

Variation of DLLs by age 

Several previous studies had reported lead levels to be related to age. It has been widely 

accepted that young children are most at risk of lead exposure owing to their hand to 

mouth activities. [29, 299] The Australian Port Pirie cohort study showed variations in 

childhood BLLs by ages. Mean BLLs increased sharply between the ages of 6 and 15 

months, and the maximum level was found at two years of age (21.2µg/dL), with 

decreased BLLs were found in this cohort at three and four years. [117] One possible 

explanation is hand to mouth behaviour in small children. In contrast, conflicting 

evidence is available as to whether the risk of exposure increases or decreases with 

increasing age in children. This may be due to different activities among the different 

populations of children studied and variations in patterns of exposure to environmental 
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lead. [328] Age was not associated with DLLs in the Tooth Fairy Study, however the ages 

of the children recruited were restricted to between 5-8 years old. Therefore the age group 

may have been too narrow to detect the influence of age on DLL. 

 

Variation of DLLs by sex 

Differences in levels of lead between the sexes have been documented in some studies. In 

the present study, female children had slightly higher DLLs than male children 

(mean±SD=0.26±0.17 and 0.25±0.13µg/g respectively); however, this difference was not 

statistically significant. These findings are consistent with those of Tsuji (1997), Bayo 

(2001) and Karahalil (2007). In contrast, Arruda-Neto et al (2009) studied lead levels in 

74 teeth of children aged between 5 and 10 years old in the region of Sao Paulo, Brazil, 

and reported teeth lead levels in male children (1.36±0.20µg/g) to be significantly higher 

than those in female children (1.14±0.14µg/g). [299] Other studies in Egypt, Taiwan and 

USA have also found significant difference between lead levels and sex, with males 

always having higher levels. [156, 329, 330] Possible explanations may relate to different 

outdoor activities, areas or spaces where male and female children play, or food intake 

relative to body weight. [331]  

 

Variation of DLLs by location and age of housing 

Many studies have reported differences in DLLs between those living in urban or rural 

and industrialised or non-industrialised areas. [127, 155, 156, 299, 332] The present study 

was designed to only include children from the Newcastle area, and so rural/urban 

variation was not explored. In the present study, children living in housing built before 

1960 were found to have slightly higher DLLs than those living in newer housing, but 

again the difference was not statistically significant. Lead-based paint was used in older 

houses or buildings, and as a result lead particles or dust may remain in the living areas. 

Leaded paints pose a greater risk to young children who exhibit pica behaviour, chewing 

or consuming non-food items, which can result in high lead exposure. There is legislation 

in place to control the lead content of paints in the UK, and this hazard is decreasing as 

more old paints are removed or covered by low lead paints. However, it is important to 

note that the complete elimination of leaded paintwork in houses will take many years. 

[153] Children whose houses had been renovated had higher DLLs than those without 

renovation, with renovation potentially increasing lead dusts in the house, however, this 

difference was also not statistically significant.  
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Variation of DLLs by house dust 

House dust is a potential source of lead exposure. Some activities such as disruption of 

surfaces, window replacement, demolition and renovation generate lead dust resulting in 

lead accumulation in the house. Epidemiological studies have explored the relationship 

between human exposure and the concentration of lead in dust. [333, 334] In the present 

study, children living in houses with hard floors that cleaned less than weekly had the 

highest DLLs, although this finding was not statistically significant. The US Department 

of Health and Human Services recommened frequency of vacuum in the houses at least 

once or twice a week. [335] White and Dingle suggested that the intensive carpet cleaning 

reduced 50% in airborne fine particles. The reduction was done by vacuuming four times 

per square meter (m
2
), followed by cleaning one minute/m

2
 every other week. [336] The 

absence of an association between the frequency of cleaning and DLLs in the present 

study may be due to the small number of respondents with hard floors in the house (43/69 

children), only seven reported floors being cleaned less than weekly. In addition, 

children’s ages in Davies’s study were younger than those in the present study and the 

younger age groups may have resulted in a stronger association due to age related hand to 

mouth behaviour. Finally, the time gap between the two studies is about 15 years, 

therefore lead levels in the present study are likely to be lower than in the 1990s due to 

the longer time since legislation was introduced to reduce lead in many products. As such 

lead dust may therefore not be an appropriate predictor for DLL at the current time when 

exposure to lead is generally low.     

 

In the univariate analysis, I found a significant relationship between methods of cleaning 

floors in the houses and DLLs. Whilst only two parents reported that dry cleaning with a 

dust pan and brush or broom was the main method of floor cleaning in their houses, their 

children’s DLLs were higher than the DLL of children whose houses were cleaned using 

other methods. My findings suggest that including methods of house cleaning should be 

considered when studying determinants of lead levels, although there is little previous 

evidence for this in the literature. For example, Leroyer et al reported that using a broom 

increased the amount of particulates suspended in the air. They also found that women 

who used a broom for housekeeping had 40% higher average BLLs than those who did 

not use a broom. [337] Lead containing dust may accumulate on carpets, floors, and other 

surface areas. If inappropriate cleaning methods are used, dust may not be eliminated, 

resulting in an increased chance of exposure to lead dust by inhalation. Furthermore, lead 

containing dust on walls may fall to the floor where young children are likely to crawl, or 
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dust may adhere to children’s toys. Children’s hands may thus become contaminated with 

lead dust, and ingestion is then probable by hand to mouth contact. [131, 338]  

 

Special cleaning methods are recommended to decrease lead dust loading, such as 

vacuum cleaning or detergents, and wet cleaning with a mop. [339] The USA Department 

of Housing and Urban Development (HUD) guidelines for the control and removal of 

lead dust loading on floors, walls, ceilings, and other horizontal surfaces recommends a 

three-step cleaning process: vacuuming with a machine equipped with a high-efficiency 

particulate air (HEPA) filter; wet washing with appropriate detergent; and vacuuming 

with a HEPA-filter vacuum. Using these steps, a maximum of 80% more dust lead 

loading was removed compared to simple cleaning processes. [338]  

 

Variation of DLLs by hand to mouth behaviour 

Hand to mouth behaviour is also a potential pathway for the uptake of lead in children 

living in areas with high soil lead levels. Results from the Newcastle Byker incinerator 

study showed elevated lead levels in soil, mainly in areas away from the incinerator due 

to historic industrial activity. [151] Contaminated soil in playground areas, gardens, and 

land around housing and recreation areas where children spend time means that such 

areas are potential sources of exposure to lead. In addition, smaller sizes of soil or dust 

particles can lead to a higher lead body burden. For example tiny particles with diameter 

less than 0.25µm emitted from petrol are well absorbed by inhalation, whereas larger 

particles from lead on paint chips or dusts are less easily absorbed, and are less 

bioavailable. [52, 340, 341] When measuring the lead content in samples of house dust 

categorized by particle size in Cincinnati, Ohio, in the USA, it was found that lead dust 

concentration was independent of particle size, and that the bulk of the dust particles were 

concentrated in the smaller particle size ranges. Almost 77% of lead was present in 

particles with diameter less than 149µm. This distribution of lead in small particles would 

maximize intestinal absorption. [342] In the present study, only one child was reported to 

eat soil and dirt (pica behaviour) and their DLL was 0.4µg/g which is higher than mean 

DLL of 0.25µg/g.   

 

Variation of DLLs by lead piping 

Lead water pipes can be a source of lead exposure, particularly in old houses which have 

not had pipe work replaced. [131, 159] Children living in houses which previously had 
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lead water pipes had higher DLLs than other groups; however, this was not statistically 

significant. This may be due to the DLLs being measured after the lead pipes had already 

been replaced.  

 

Related to lead piping as a potential source of exposure, the amount of tap water drunk by 

children was a statistically significant independent determinant of higher DLLs. However, 

contrary to expectations, it was the children who drank least tap water who had the higher 

DLLs. It was not clear how precisely  the amount of tap water drunk by the child was 

estimated  by parents, as such the routes by which a child might have been exposed to 

lead via tap water or other sources such as breast milk still need to be clearly explored. 

Children may be exposed to lead via both pathways. In the present study, DLLs in 

children who had ever received bottle milk-feeding were slightly higher than those who 

never received bottle-fed milk, which might be expected if the water used to make up the 

formula was contaminated by lead, but this finding was not significant. Lead 

contamination of human milk may also increase exposure in breast fed infants whose 

mothers have a high budy burden of lead [343], however the present study did not show a 

significant link between breast or formula milk and lead contamination.  

 

Variation of DLLs by socio-economic status 

There is evidence for a link between social inequality and health risks including lead 

exposure. [123, 344, 345] The US Centers for Disease Control and Prevention, CDC 

(2005) identified low income as one of the most important determinants of lead 

poisoning. A considerable amount of research has been published showing a strong 

relationship between high lead levels and low income. [346] Many studies from the USA 

have reported  that children from poor families are more likely to be vulnerable to 

environmental heavy metal exposure with associations being observed between DLLs and 

low income, education, and nutrition. [152] American children living in older houses and 

areas of deprivation were at greater risk of having elevated BLLs, suggesting that older, 

lesser-valued homes were more likely to have deteriorated-leaded paint. [347]  

 

In the present study, socio-economic status was assessed using the educational level of 

parents, household income, and deprivation as identified by Index of Multiple 

Deprivation scores (IMD Scores) of the child’s residential or school areas. The IMD 

scores in the UK parallel the census-tract level indices of area deprivation for the USA. 
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[348]  In contrast to previous studies, I did not find a significant association between 

socio-economic status and DLLs.  

 

Children whose homes were in moderately deprived areas (IMD scores 20.01-30.00) had 

higher DLLs than those whose homes were in the most and least deprived areas, however 

this difference was not statistically significant. Most children were recruited from schools 

in the least and most deprived areas and no significant difference between DLLs and 

school area IMD was found. A previous study in Saudi Arabia reported that a possible 

source of high lead exposure was school location, especially in highly contaminated 

areas. One-fourth of children aged 6-12 years attending schools in urban areas with high 

traffic density had an average BLL ≥10µg/dL because there was heavy vehicle emission 

in the areas. [349] Similar trends of having higher lead levels in high exposure areas have 

been found in other investigations. [33]  

 

Most parents (60%) in the present study were well educated and the highest mean DLLs 

were found in children whose parents had the highest educational levels, although their 

DLL was similar to the DLLs of children whose parents had only attended secondary 

school.  

 

A study undertaken by CDC in 1997 reported that while BLLs in American children 

decreased as they grew older (between 12 and 72 months of age), children of low income 

families still had higher BLLs than more affluent children. [135] In the UK, the Health 

Protection Agency (HPA) has recognised that exposure to chemicals and poisons in the 

environment is greater in poor and disadvantaged areas. Furthermore the HPA 

acknowledged that children are especially affected by health inequalities, poverty and 

being in vulnerable groups such as certain ethnic minorities. Often no beneficial effects in 

terms of cognition, behaviour or neurophysical function can be gained from treatment for 

exposure to lead such as chelating therapy in preschool children. [350] Consequently 

evidence of exposure and the identification of susceptible groups becomes the public 

health target. In the present study, no significant relationships were found between socio-

economic status and high DLLs. This lack of association may be because most children 

were recruited from moderate deprivation areas, their parents were well-educated, and 

had average monthly incomes.  
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Related to socio-economic status, poor nutrition in children may increase their 

susceptibility to lead exposure. For example, iron deficiency increases the rate of uptake 

of both iron and lead from the gastrointestinal tract. As a consequence iron deficiency 

often occurs in conjunction with lead exposure. [351] In this study population only one 

child had been diagnosed with iron deficiency, and had a DLL of  0.11µg/g. 

 

Variation of DLLs by occupation 

Children living in houses where household members reported taking part in occupational 

activities with potential for lead exposure had slightly higher DLLs than children from 

households not reporting these occupational activities, however this difference was not 

significant. One possible explanation for this may be the small number of parents 

involved in work with possible exposure to lead (n=43). In addition, the study relied on 

the self-reports of parents who may have had little knowledge of the potential for lead 

contamination in their workplaces. Furthermore, parents or household members may have 

reported activities associated with lead, but no actual tests of lead at work were 

undertaken. Finally, parents were not asked about their hygiene practices in the 

workplace, which could affect the likelihood of them bringing lead dust home on work 

clothing or uniforms from which it could have contaminated the house leading to the 

potential for childhood exposure. In failing to find an association with occupation the 

results from the Tooth Fairy study differ from those of previous studies which showed 

lead levels related to occupational activities. [175, 337] On the other hand current 

findings are consistent with those of other studies, especially those in areas where lead 

petrol has been phased out. [352] 

 

It should also be noted that BLLs have fallen in workers for every sector across UK 

industries over the period 1995-2007. BLLs above the current UK suspension limit of 60 

mg/dL fell from 4.8% in 1995 to 0.6% in 2007 suggesting that parental occupation as a 

source of exposure is now less likely than previously. [353]  

 

Although no significant effect of occupation was found, the spread of DLLs within each 

child (shown in Figure 4.5) showed that one child with DLLs>0.5µg/g (an arbitrary cut 

off) and a statistically greater spread of DLLs had parent who were involved or worked 

with electronics. Occupational exposure therefore remains a plausible risk factor for 

exposure even in the current study. 
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Variation of DLLs by other factors 

Parents of the Tooth Fairy study children were asked about food storage in pottery with 

leaded-glaze, lead crystal or pewter and lead soldered cans. Only one parent reported the 

use of lead-glazed pottery, but about 30% of respondents did not know whether their food 

containers included lead components. No significant effect of this variable on DLLs was 

found which may be due to parents’ uncertainly about this source of exposure. 

 

Smoking has been related to lead levels in humans, [169, 354-356] other studies have 

found no such relationship. [357, 358] Children may be exposed to lead by inhaling 

second hand tobacco smoke. In addition, households may be contaminated with lead dust 

absorbed from smoking indoors. [359] In the present study, a higher mean DLL was 

found in children whose household members smoked compared to those who did not, but 

this difference was not statistically significant. A possible explanation may be the limited 

reliability of parental reports of smoking. There was no specific evidence of 

underreporting. Furthermore there were only thirteen children whose parents were 

smoking in the house during the study period. In addition, the use of a dichotomous 

(yes/no) variables prevented the estimation of the quantity of cigarettes smoking daily.  

 

The number of people living in the household was explored as a determinant of DLLs. 

Children who lived with a single adult had higher DLLs than those who resided with at 

least two adults, but the difference was not statistically significant. In addition, children 

who lived with at least two siblings aged 5 and over had higher lead levels than those who 

lived with only one child, although again the difference was not significant. Number of 

people live in the house and lead exposure is unclear. The possible risk may be from 

parents who involved with lead and bring potential risk from cloths or relevant exposure. 

Take-home lead exposures may involve when parents and/or people whose jobs expose 

them to lead wear their work clothes home or wash them with the family laundry. It may 

result when they bring scrap or waste material home from work. [345] 

 

Parents were asked in the present study about the use of traditional Asian kohl eyeliner. 

Only one parent responded affirmatively and her child had a mean DLL of 0.27µg/g 

which was higher than mean DLLs of all children (0.25µg/g). Asian cosmetics 

contaminated with lead are a known source of lead exposure. [38, 177, 178] Previous 

study in Israel found that BLLs were significantly higher in infants aged 6-16 months 

whose mother reported using kohl, and the authors concluded an association between 
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applications of kohl to the infants or mother’s eyes and elevated BLLs in infants. [178] 

Traditional Asian kohl may be a risk factor of lead exposure especially in the people who 

normally use this product. 

 

Several studies have focused on soil as a major factor in determining child exposure to 

lead. [145-148] Located on the river Tyne, Newcastle was previously a highly industrial 

city. Evidence of heavy metals including lead contamination has been found in soils and 

allotments. [149] When particular concerns were raised about heavy metal concentrations 

in stack emission from a municipal solid waste incinerator in Byker, the City Council of 

Newcastle upon Tyne conducted a study of the pollutant contamination of soil. [360, 361] 

Only a few children from the Tooth Fairy study were recruited from the Byker area, and 

DLLs for those children were slightly higher than those children living outside the Byker 

areas but this difference was not significant. 

 

In summary, it was surprising that no significant relationships were found in the present 

study between known determinants of lead exposure and DLLs in this cohort from 

Newcastle, although it was not possible to explore soil lead exposure. These findings 

contrast with those of studies undertaken in other parts of the world. Determinants such as 

the age of housing and socio-economic status are often reported as important 

determinants in studies of blood lead in the USA but were not found to be relevant in this 

setting. In the light of the current evidence on the toxicity of lead to children, further work 

to characterise sources of lead exposure in the UK is required. 

 

Given the lack of association with previously established determinants of lead exposure it 

was difficult to conclude from the Tooth Fairy Study whether or not dentine is a suitable 

biomarker for identifying determinants of lead exposure. Therefore it became necessary 

to study the methodology used in greater detail, leading to the development of the new 

histological technique, which would allow us to assign time intervals to specific sections 

of the teeth and to study the full history of lead exposure.  
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5.1.2 Histological study 

 

Can our histological technique recreate the history of lead 

exposure?  

 

The main question I was trying to address with the second part of my research is whether 

or not teeth can be used as a biomarker for the history of lead exposure. The following 

sections discuss my results based on the research questions asked in the present study.  

 

The use of spatial lead distribution in enamel and dentine across the surface of the tooth 

in investigating the history of exposure has the advantage of being able to identify 

exposure during an individual’s early life. This depends on the hypothesis that lead levels 

at specific anatomical points across tooth surfaces reflect the intensity of exposure at a 

particular time in an individual’s life. Similar ideas about the distribution of lead levels in 

enamel have previously been proposed by Ericson (2001), Dolphin (2005) and Humphrey 

(2008a) [245, 288, 289], but only a few studies of different areas of dentine have been 

conducted. [13] Among these studies, only a limited number have considered different 

parts of the tooth in mapping long term lead exposure, and as yet no consensus has been 

reached on an acceptable method to determine ages of lead exposure in different parts of 

the tooth. The development of a histological technique to identify tooth lead levels has 

therefore been conducted in this study. 

 

A: Should we sample enamel and/or dentine? 

 

Previous studies have reported the use of lead in teeth as a biomarker of the past exposure 

of children. Over the past three decades, these studies have most often analyzed whole 

teeth, which were digested in acids. [237, 302] Because we know that different 

components of human teeth incorporate lead differentially, analyses of whole teeth do not 

allow the time-specific distribution of this metal to be assessed. [286] There is therefore 

increased interest in studying lead exposure in different parts of the tooth to account for 

this differential incorporation over time. [13, 286] A recent study of lead in the deciduous 

teeth suggested that circumpulpal dentine was the most appropriate tissue in which to 

sample cumulative lead exposure [241]; however, there is as yet no consensus on an 

accepted measure of lead from different parts of the human tooth.  
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For the teeth collected from the Teesside area in Northeast England, dentine had higher 

lead levels than enamel, and within the dentine there were higher lead ratios in the 

postnatal versus prenatal dentine. The highest lead ratios were consistently found in 

dentine near the pulp cavity. The findings of the present study are consistent with those of 

Arora et al (2006) which showed that lead levels in dentine are significantly higher than 

those in enamel. Several other studies in the past have reported similar results. [13, 241, 

286] Using histological techniques to identify age specific exposure to lead, I showed that 

dentine can be assessed from 5 months before birth to up to 3 years after birth, a longer 

period than reflected in enamel (5 months before birth to 8 months after birth). Dentine 

continues to form after the enamel of the tooth crown has formed, and the periods of 

dentine development in utero until root completion are longer than those in enamel 

implying that the duration of exposure should be better assessed using dentine. [239, 244]  

 

The results from the epidemiological study showed that lead levels in enamel were lower 

than those in dentine which is in agreement with the findings of the histological study. In 

some children, enamel lead levels were not detectable. Enamel incorporates such low 

levels of lead that it may be difficult to use it in identifying history of lead exposure, 

especially in low exposure populations, although it works well with other trace elements 

like strontium based on a study of Humphrey. [245] In addition, in carious teeth, the 

dentine may be protected by the enamel with less structural change in the hydroxyapatite 

matrix (although see discussion of Child 14 below). Although I did not find an 

association between DLLs and determinants of lead exposure in the epidemiological 

study, dentine shows higher lead levels than enamel, and mineralise through early life. 

We therefore focused on dentine in the present study although we continued to begin our 

ablation transects in enamel.  

 

B: How many transects per tooth are required? 

 

The findings in the second phase of the present study showed that consistent ratios at the 

same age interval were observed in primary dentine. Focusing on the initial four teeth 

with multiple transects, no systematic difference was found between lead ratios at the 

same age interval. Every transect in the initial four teeth showed the same pattern, with 

lead ratios relatively flat except in the dentine close to the pulp cavity, i.c. they showed no 

dramatic changes in lead levels with age. We observed relatively consistent ratios 

between teeth from the same child, and at the same age within each tooth, indicating that 
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in a good quality section the history of lead exposure may be determined using one 

ablation transect in primary dentine. In addition, the age at each ablation point can be 

measured and lead ratios mapped across the tooth transect at a higher temporal resolution 

than a recent study by Arora et al (2006), who reported clear differences in enamel and 

dentine lead concentrations during the pre- and neonatal period. [13] 

 

After dentine and enamel have differentiated prenatally, dentine continues to be laid 

down by odontoblast cells that line the pulp cavity. These processes act as biological 

pathways in transferring and controlling the movement of mineral ions from the blood 

plasma to the sites of dentine secretion. [362] In every transect for the initial four teeth, 

lower lead ratios were found in the first layer of mineralised dentine close to the EDJ, 

known as mantle dentine which is the outer most layer of crown dentine. This less 

mineralised layer consequently showed the lowest lead concentration. After that, the 

growing of the crystals in reducing collagenous materials results in the area of primary 

dentine where lead ratios slightly increase with age from the EDJ towards the pulp cavity 

a with rapid increase found especially in the primary dentine close to secondary dentine, 

and the highest lead ratios in the dentine close to the pulp cavity. Based on the trend 

observed in every transect, it seems that the dentine has mineralised in a consistent 

manner from the EDJ to the pulp cavity. The pattern of lead ratio distribution in primary 

dentine at the same age in the present study differs from trace element distribution in 

enamel due to different mineralisation. Once dentine has been completely mineralised, it 

does not incorporate lead differentially the way that enamel does. These results suggest 

that consistent lead ratios are found at the same age and may be explained by the 

consistency of dentine mineralisation across the tooth crown.  

 

As described in detail before, the present study modified the methods developed by 

Humphrey and colleagues [245, 246, 284, 324] to identify lead ratios at specific ages 

focusing on dentine. In enamel, Humphrey and colleagues (2008) demonstrated that 

calcium normalised strontium intensities at the same age varied depending upon where 

samples were located in the crown of the tooth. [245] This is due to the gradients of 

enamel mineralisation across the tooth crown. [245, 324]  They also determined that a 

reliable chronology could be determined when controlling for distance from the surface of 

the tooth. [324] Dentine and enamel mineralise differently but dentine also continues to 

mineralise after its initial formation. Because of the inconsistencies in trace elements in 

enamel at the same age, we decided to explore several transects across the tooth surface in 
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order to investigate the pattern of lead mineralisation in dentine. As stated above, 

consistent lead ratios at the same age were found in every transect of individual tooth 

samples. 

 

One ablated transect in a good quality section may be sufficient to determine history of 

lead exposure because age and lead ratio can be identified at each ablation pit. The 

findings also strongly support the assertion that each laser ablation pit provides a real time 

interval based on the number of days in pre- and postnatal periods. No systematic 

difference between lead ratios at the same age interval was found in this small sample. As 

such, I believe this technique can therefore capture the history of exposure from five 

months in utero to three years of age using one transect per tooth. The combination of 

histological dating of growth areas of milk teeth in combination with LA-ICP-MS 

analysis is likely to be useful in establishing the history of lead exposure in children using 

only one transect. 

 

The results of this study indicate that the highest lead ratios are found in postnatal dentine 

near the pulp cavity. These results are consistent with those of other studies. [13, 241] 

There are several possible explanations for this. Due to the presence of dentinal tubules, 

dentine is highly permeable. The number of tubules in dentine varies depending on where 

in the tooth it is found. [363] The number of tubules per unit at the pulp cavity is almost 

4-5 times more than at the outer surface of the dentine. In addition, the ratio of number of 

tubules between the outer and inner surface of dentine is about 5:1. Therefore, these 

tubules are farther apart in younger dentine and pack closer together near the pulp cavity. 

[255] So the permeability of dentine increases from the EDJ towards the pulp. It is 

possible that high lead ratios in the area near the pulp cavity are due to this permeability.  

 

Reviews of studies of common trace elements reveal that the patterns of lead distribution 

in dentine are the same as that of fluorine, zinc, strontium, and manganese in other 

studies. [244, 296, 297] Furthermore, during the past 30 years, evidence increasingly 

suggests that lead levels in root dentine are higher than those in crown dentine. However, 

no comparison of lead concentrations between crown and root dentine was conducted in 

the present study. 

  

Primary dentine lead ratios in two teeth from child HT3 showed a different pattern 

suggesting that  lead exposure in this child varied over time. This child had the second 
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higher BLL (2.18µg/dL). In this child, the ratios of lead in the primary dentine were low 

from birth until 1 year of age. The ratios then increased markedly between 1-2 years of 

age after which lead ratios gradually decreased until the end of age interval observation. 

Based on this finding, we conclude that primary dentine can identify changes in lead 

exposure over the early life, and that in good quality sections only one transect per tooth 

is required to construct history of lead exposure. 

 

Since consistent lead ratios at the same age interval were found in all transects from 

initial four teeth, one ablation transect was then applied to the 15 remaining teeth in the 

third phase of the study. Intra- and inter-individual variability in lead levels in teeth from 

the same and different children were also investigated. 

 

C. How many teeth per child are required? 

 

To assess intra individual variability, I collected two teeth from each child. The findings 

show that consistent lead ratios at the same age are found between two teeth from the 

same child with the exception of child HT14 whose tooth 84 had 4-5 times higher lead 

ratios than those found in tooth 74 at the same age interval. One possible explanation for 

this significant difference lead ratios between two teeth for this child may be tooth caries. 

For tooth 84 with no roots, tooth caries may have resulted in demineralisation of the 

underlying apatite particularly the inner dentine resulting in inconsistent lead ratios. This 

is in agreement of Zavgorodniy et al (2008) whose findings suggested that there are 

untrastructural changes within different zones of carious dentine compared to sound 

dentine sections. [364] However, for a child such as HT3 who may have had higher 

environmental lead exposure the two teeth from this child also showed consistent lead 

ratios at the same age interval. 

 

Between-tooth differences were found to be small and reproducible differences in 

exposure to lead can be quantified using a single, well positioned, laser ablation transect 

in the primary dentine in a longitudinal section of a single sound tooth.  However, the 

current study is limited by a small sample size and an expansion of this study with a 

larger sample size in high-exposed samples and/or areas, and the collection of multiple 

teeth from each participant would allow further confirmation of the reproducibility of the 

method developed here.  
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Most of the remaining teeth showed low lead ratios in primary dentine. When lead ratios 

for each transect between two teeth for each child were compared, lead ratios in primary 

dentine were consistent and showed the same pattern of lead distribution across the tooth 

surface, except child HT3. Primary dentine lead ratios in two teeth from child HT3 

showed a significant pattern, identifying history of lead exposure. The two teeth showed 

similar trend for this child, of a low lead ratio in primary dentine from birth until one year 

of age, ratios then increased markedly between 1-2 years of age, after which time the 

gradually decreased until the end of age interval observation. Although I did not collect 

data of past history of lead exposure for child HT3, a possible explanation for lead 

exposure in younger children is hand to mouth behaviour. If child HT3 had hand-to-

mouth contact with contaminated lead objects or ate substances not normally eaten such 

as soil and paint chips, high lead concentrations would then be possible. The primary 

dentine lead levels peaked in this child at around two years of age, which agree with the 

findings of other studies. [10] Focusing on child HT14, higher lead ratios was found until 

one year after birth. Hand to mouth behaviour may also be a possible explanation for 

these high lead ratios. However, further research is needed. The trend of exposure found 

in child HT3 indicates that our technique can identify varying exposure at the different 

times in a child’s life. If a peak of exposure occurs during the child’s early life time, our 

method can capture this exposure as a dramatic rise in lead ratios. If the exposure to lead 

was consistently low, as in the majority of children from this sample, this exposure 

history can also be observed using our technique.  

 

Our techniques can show the history of lead exposure at different stages of tooth 

development throughout the early life, giving a far more detailed picture of exposure than 

BLLs. With exposure able to be assessed intime intervals of ~42 days our technique 

provides an exciting insight into patterns of pre- and post-natal lead exposure. As 

previously showed by Arora and colleagues (2006), using the neonatal line as a fixed 

point allows us to distinguish between plasma lead levels corresponding to the mother's 

blood lead during pregnancy and the child's ambient exposure to lead after birth. A 

significant change was seen in child HT3 where dentine lead ratios were low between 

birth until one year after birth, then the ratios significantly increased between one and two 

years after birth. Although primary dentine lead ratios were low, the ability to detect 

measurable differences indicates the potential of LA-ICP-MS to provide information on 

lead exposure during early life development. Based on this finding; primary dentine can 
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provide informative results regarding lead exposure and may be a good area of the tooth 

surface to sample in order to identify long term lead exposure. 

 

In summary, the findings from a small set of good quality sections showed differences in 

lead ratios between the two teeth from each child were small, and we are not providing 

sufficient evidence that one tooth is sufficient. We then recommend an expansion of this 

study with a larger samples and the collection of multiple teeth from each of the 

participants would allow refinement of the histological technique proposed in the present 

study. 

 

D. Does tooth type matter? 

The findings of the present study show that most of the children had consistent primary 

dentine lead ratios at the same age, irrespective of tooth type. Lead ratios were less 

consistent in dentine closest to the pulp cavity. For child HT2 (teeth 54 and 64) and HT14 

(teeth 74 and 84), variation in the lead ratios in primary dentine at the same age interval 

were seen. In child HT2, teeth 54 and 64 are upper first deciduous molars located on the 

right and left sides of the deciduous tooth dentition respectively, while teeth 74 and 84 for 

child HT14 were the lower left and right deciduous molars. These teeth usually have 

equivalent structures, periods of development and mineralisation patterns. So it is difficult 

to explain the differences in primary dentine lead levels at the same age found in these 

two teeth, but it may be related to the oblique nature of these sections. It was found that 

transects in both teeth were not sampled along the dentine tubules potentially resulting an 

error of the measurement.  

 

Previous studies suggest that tooth type may influence lead levels, especially in 

circumpulpal dentine [365] Tooth type may influence lead levels because different teeth 

form and erupt at different times in the human’s life, and so their lead exposures histories 

may not be the same. [237] So, it is crucial to specify the type of tooth used for analysis, 

and if possible, whether it comes from the upper or lower jaw. In deciduous teeth, the age 

of eruption is in the order incisors>canines>molars. [239, 243] 

 

Tooth type is a known factor in variations of lead concentrations, for example in a 

comparison of dentine lead levels in deciduous teeth from two cohorts in Taiwan and 

Boston, the central incisors had higher average lead levels than those in lateral incisors. 

[127] The inter individual comparison of lead ratios in primary dentine between children 
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whose teeth were the same tooth types (tooth types 55, 65, 84 and 85) showed large 

variations in lead ratios for tooth type 84 from three children. One possible explanation 

may be that these teeth represented different periods in different children. For example in 

child HT12, the ablated pits covered the time period 54 days (~2 months) before birth to 

575 days (1 year 7 months) after birth, for child HT13, 34 days (1 month) before birth to 

514 days (1 year 5 month) after birth, and for child HT14, 86 days (~3 months) before 

birth to 430 days (1 year 2 months) after birth. Another possible explanation for a 

difference in lead ratios may be differences in individual exposures. [127]  

 

Deciduous incisors and molars were collected in the epidemiological and histological 

studies respectively. Lead levels in dentine between these cohorts were different, which 

may be due to calcification differences between incisors and molars. Different tooth types 

undergo calcification at different times. For instance, central incisors initiate calcification 

at 3-4 foetal months and the coronal dentine is mainly completed by the third month after 

birth. Deciduous molars initially calcify in utero and the process continues progressively 

during the first year after birth. If the incorporation of lead occurs during this 

calcification, variations in lead levels due to different time spans of calcification would be 

expected. [127, 244] Based on the fact that the upper central incisors are the oldest 

primary teeth, they should be sampled if the aim is to identify prenatal lead exposure. 

Nevertheless, the results from the epidemiological study which sampled dentine in 

incisors did not find significant associations with likely determinants of lead exposure, 

although the chronology of lead exposure during early life was not able to be explored in 

this sample.  

 

In summary, based on our results on deciduous molars it seems likely that one tooth does 

work; however a larger sample is required to confirm this. 

 

F: What is the relationship between tooth and blood lead levels? 

 

BLLs ranged from 0.5 to 6.8mg/dL, and none of the children had a BLL above the WHO 

threshold of 10mg/dL. The median BLL for females was 1.45g/dL and for males 

0.9g/dL. These values were lower than those in a survey of BLL as part of the 1995 

health survey of England, where the median BLLs in children over 6 years old were 

1.7g/dL and 2.3 g/dL for females and males respectively. [366, 367] This finding is 
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consistent with trends in BLLs in children which have substantially declined over time 

due to the fact that the UK has cut lead emissions by 97% since the 1970s. [366]  

 

Child HT6 in had the highest BLL of 6.83mg/dL, however lead levels in the enamel and 

dentine of this child are within the range of the other children in this study. It is necessary 

to note that these high BLLs represent only very recent exposure, so are not easily 

compared with the DLLs. There were no available data on age-related exposure using 

tooth lead levels from this child due to tooth caries.  

 

Child HT3 had the second highest BLL and also the highest dentine lead concentrations. 

Previous studies have reported a relationship between BLLs and tooth lead levels. A 

study in Poland of lead in whole deciduous teeth and capillary blood of 6-year-old 

preschool children found a positive relationship between these two markers. [368] Other 

studies have found a positive correlation between lead levels in blood and those in either 

enamel or dentine. [199, 369] I did not observe any association between BLLs and DLLs 

or ELLs in the present study, although this was a small sample. Although there was no 

association between BLLs and tooth lead levels in the present study, the findings 

demonstrated that teeth might be a better biomarker for considering health outcomes of 

lead because chronological records of history of exposure can be constructed using tooth 

lead levels. 

 

5.1.3 Overall discussion  

 

Previous studies have used BLLs to identify lead exposure in humans, but this measure 

reflects only recent exposure due to the short half-life of lead in blood. [5] For more than 

three decades, teeth have been used to assess concentrations of trace elements using 

whole teeth, or components of enamel and dentine, however this approach frequently 

destroys the tooth structure making it impossible tomeasure time-based element 

distribution using the chronological period of tooth development. [240, 286] More 

recently research has assessed deposited metal levels in enamel and used this matrix to 

study past metal exposure. [288, 289] More recent evidence and these findings from my 

PhD suggest that dentine can be used to examine past history of exposure because it 

incorporates lead as it mineralises throughout early life and records age specific rather 

than time averaged exposure.  
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The epidemiological study was designed to identify the determinants of lead exposure 

using DLLs. I found that lead levels in dentine tend to be higher than enamel, and DLLs 

represents longer time periods of exposure than enamel. However, statistically significant 

associations between known risk factors and lead levels in dentine were not found. The 

epidemiological study suggested that the sampling technique in DLL may not have been 

sufficient. 

 

Human teeth represent a chronological record of exposure to trace elements during an 

individual’s development from conception to tooth exfoliation or extraction. Different 

parts of teeth have been studied for lead exposure and levels of lead have been found to 

vary. Because different components of human teeth incorporate lead differently, the 

assessment of lead as a measure of exposure in chronologically specific parts of teeth has 

attracted attention, and the incremental growth lines observed in enamel and dentine in 

primary teeth offer an opportunity to use dental lead levels as a biomarker of the history 

of lead exposure. In particular, the findings of the histological study indicate that lead 

ratios in primary dentine are consistent between teeth from the same child, and at the 

same age within each tooth, indicating that it may be possible to determine the history of 

exposure using one ablation transect in the primary dentine.  

 

Overall, the results of this study provide useful information which demonstrates the value 

of analysing different areas of the structure of the tooth rather than the whole tooth. The 

histological technique developed in this study provides evidence that measuring 

incremental growth lines on ground sections reflects the rate of dentine formation and age 

at mineralisation enabling life time lead exposure to be identified. The combination of the 

histological dating of growth areas of milk teeth in combination with LA-ICP-MS 

analysis is likely to be useful in establishing the history of lead exposure in children.  
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5.1.4 Strengths and limitations of the epidemiological study 

 

Strengths 

 

1. The Tooth Fairy Study was the first study in the North East of England to focus on the 

environmental and socio-economic determinants of lead exposure using dentine lead 

levels.  

 

2. The study is one of the largest studies to explore lead levels using dentine and enamel. 

 

3. The results triggered us to question the value of ablation of pre- and postnatal tissue for 

assessing lead levels and consequently we developed the histological technique to 

confirm the value of this biomarker. 

 

4. Although no significant association was found between known determinants of lead 

exposure and DLLs; some factors, such as methods of cleaning hard floors in the house, 

amount of tap water that the child drank daily and growing fruits or vegetable in the 

garden were significantly associated with DLLs in univariate analyses.  

 

Limitations 

 

1. No measurements were taken of lead in air, soil, and dust despite these being 

potentially important sources of exposure. Lead is relatively immobile in soils and can 

therefore be a long-term source of lead exposure. [146, 370] Two studies of soil lead 

levels in the Newcastle area have been undertaken. [360, 361] The mean lead 

concentration in allotments at Walker Road was 975mg/kg, and in allotments with ash 

related to the Byker incinerator was 484mg/kg. [361] These studies reveal that soil lead 

levels in some areas in Newcastle are still high. It is desirable for further studies to 

incorporate soil lead levels and investigate the association with DLLs. 

 

2. With regard to other lead sources, specific measures such as actual amount of tap water 

drunk daily, lead levels in water and number of cigarettes smoked were not directly tested 

or analysed for lead concentration. Future research should record amount of water drunk 

per day, and lead concentrations in tap water should be sampled and analysed. This could 

determine whether tap water is a potential source of lead exposure, and if this is a source 
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of exposure could help local authorities to develop appropriate methods in order to reduce 

lead exposure.  

 

3. The sample size may have been too small to detect associations with some 

determinants of DLLs, despite this study being large compared to other studies of teeth. 

 

4. There is a possibility of selection bias due to low response rates from parents in more 

deprived areas. The lowest mean DLLs were found in children who lived in the most 

deprived areas, which was contrary to expectation.  

  

5. The data obtained through interviews and/or questionnaires on the history of the 

participants may have been subject to recall bias or reporting bias, for example, when 

parents answered the question, “Has your child’s home ever had lead water pipes?” A 

review of the literature suggests that the extent of inaccurate recall may be related to the 

characteristics of the exposure and of respondents, although a distinction must be drawn 

between recall which is biased and that which is simply inaccurate. Interviewing 

techniques and the study protocol, including the design of questionnaires, as well as the 

motivation of respondents, play a central role and can to some extent be controlled by the 

investigator. The results of validation studies carried out to date suggest that the 

likelihood of recall bias may be greater when recall is poor in general. Recall bias is 

likely to affect the power of the study and the effect size observed although the direction 

of this effect is difficult to predict in situations of differential recall bias. 

 

6. The Tooth Fairy study relied on data reported by parents who may have had little 

knowledge about human exposure to lead, and may not have been able to identify lead 

sources and hazards in their houses and environment. However, on the other hand this 

would have also meant that they were less likely to over report exposure. 

 

7.  Determinants were considered simultaneously, whereas possible concurrent interaction 

should be taken into account. Larger samples would be required to consider possible 

interaction between determinants of lead exposure. However, the Tooth Fairy Study 

focused only on the separate interaction of lead with each known determinant.  
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5.1.5 Strengths and limitations of the histological study 

 

Strengths 

 

Histological strategy 

This is one of only a small number of studies of lead levels in different parts of the tooth, 

and it is unique in assessing lead in deciduous dentine. The present study was designed to 

investigate the underlying distribution of lead within dentine after accounting for 

variations in mineralisation and its timing to reveal the pattern of lead exposure over the 

life time of the tooth. From this work, I have shown that lead concentrations in primary 

dentine can be used as biomarkers of exposure in early life, and that this technique should 

be useful in investigating environmental factors relevant to lead contamination in order to 

protect health. It represents a better method than using single BLLs which merely reflect 

recent exposure. 

 

Analytical methods 

1. One of the important strengths of the present study is the measurement of lead levels in 

teeth using LA-ICP-MS. This is an accurate, high-quality technique for trace element 

measurement and allows a time-line of exposure to be determined. Unlike other 

techniques, this method does not completely destroy the tooth structure, and so samples 

can be analysed repeatedly.  

 

2. Another important contribution of this study is the assessment of intra- and inter-

individual variability in levels of lead showing how consistent lead ratios in teeth from 

the same child and at the same age interval in different ablation transects within the same 

tooth.   

 

3. The present study indicated that consistent ratios at the same age interval were 

observed no matter where the sample was taken from the primary dentine, so that one 

ablation transect can be applied to examine the history of lead exposure. In future this will 

reduced analysis time and thereby reduce unit costs. 

 

4. Due to using extracted or naturally shed teeth, we could not use carious teeth in the 

histological studies. However, our biomarker will be applicable to the majority of 

children/teeth in any given population. 
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5. GIS was used to map lead intensities and reveal patterns of lead exposure. When the 

timing of incorporation of lead into the enamel and dentine is identified, interpolated 

surface maps can be used. These can reveal differences in the distribution of calcium-

normalised lead intensities related to age. GIS maps can also demonstrate lead intensities 

on different areas of the surface of the tooth along the ablation points.  

 

Limitations 

 

Statistical power 

1. I planned to collect paired teeth from 15 children in order to the analyse intra- and inter 

variability of lead between children. However, due to tooth caries, only 15/30 eligible 

teeth were able to be used in the histological part of the study. This is clearly small 

sample, however the volume of data from each tooth means that indicative results were 

produced. Although a sample was small, it was in fact larger than that of an important 

study undertaken in Australia by Arora et al (2006). [13] 

 

2. Different lead ratios at the same age in primary dentine were found in some sections, 

probably due to the oblique section. In this case I found that transects in both teeth were 

not sampled along the dentine tubules resulting measurement error.  

 

Sampling strategy and interpretation 

The lead ratios in secondary dentine are high and their interpretation remain unclear. Due 

to the interruption in dentine formation during the period of root formation, secondary 

dentine cannot be considered a simple continuation of primary dentine deposition. In 

controlling the transfer of mineral ions to the predentine layer, odontoblast activity is 

temporarily suspended. The incorporation of trace elements into the crystal apatite is 

different between these areas. As this stage it is assumed that the magnitude of lead levels 

in secondary dentine are due to the slower growth of the hydroxyapatite. 

 

Quality of the tooth section 

1. The teeth from the Teesside sample were extracted due to being carious. In carious 

teeth, the demineralisation process may influence the mineral content of the dentine, 

which may potentially influence the lead levels found, especially in dentine close to the 

pulp cavity. In addition, carious teeth, especially in child HT6 who had the highest BLL, 
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meant  the association between tooth and blood lead levels was difficult to assess. I was 

not able to measure the age of each ablation pit for this child, meaning I lost the 

opportunity to explore the history of lead exposure in the child having highest BLL. 

 

2. Teeth were lapped down to 100µm sections in order to observe the histological detail 

via microscope. Some sections broke and were fixed using glue. If this fix did not match 

perfectly, the direction of dentinal tubules and the identification of incremental lines were 

difficult, potentially resulting in measurement error.  

 

Lack of past history of the children 

No data was available about the history of lead exposure in the Teesside sample. 

Therefore, it was impossible to assess the associations between tooth lead concentration 

and any known risk factors. Such studies should be carried out in future. 

 

Cost  

Although the LA-ICP-MS technique provides useful information about lead levels in 

different parts of the tooth, it is an expensive process compared to other techniques used 

in the past such as AAS. In addition, the histological technique is very time consuming 

and expensive which limits its applicability in large scale epidemiological studies. 

 

5.2 Conclusions 

 

5.2.1 Epidemiological study 

 

Determinants of lead exposure were investigated in order to assess possible factors 

influencing dentine lead levels of children living in an historically-industrial area. Dentine 

lead levels were low (0.06-0.77ug/g) and generally in agreement with those found in 

other studies. Demographic variables such as age and sex were not associated with DLLs. 

Socio-economic variables, pica, age of housing, lead pipes and tap water consumption 

had no relationship with DLLs in the present study. It was not possible to study the 

influence of soil lead levels on DLLs but it is known that there are high lead levels in the 

soil in areas near the residences of some of the children. In the light of the current 

evidence on the toxicity of lead in children further work to characterise lead exposure in 

the UK is still required. Dentine lead offers an opportunity to study histories of exposure 
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in greater detail and should be developed further. Based on these findings, a histological 

technique was developed for assessing the history of lead exposure using DLLs.  

 

5.2.2 Histological study 

 

From the histological study I concluded that: 

 

1. Primary dentine is a suitable matrix to reconstruct the history of early childhood lead 

exposure. Lead ratios in primary dentine were consistent both between teeth from the 

same child and at the same age within each tooth, indicating that the history of exposure 

may be determined using a single ablation transect in primary dentine in a good quality 

section. The findings from child HT3 indicate that our technique can be used to identify 

history of lead exposure. 

 

2. The cross striations in enamel ranged between 3.04-3.97m (mean±SD=3.5±0.3). In 

dentine, the von Ebner lines, known as short-period incremental lines were between 2.75 

µm and 3.01 µm (mean±SD=2.9±0.08).  

 

3. Primary dentine could be used to measure lead exposure over a period of 1,000 days 

(almost 3 years), a far longer period of exposure than ELLs (~240days), or BLLs 

(~30days).  

 

4. Interpretation must distinguish between primary and secondary dentine. Lead ratios in 

primary dentine were 2-5 times lower than secondary dentine. The normalized lead ratios 

across the tooth surfaces observed in this study follow the order of secondary dentine > 

primary dentine > postnatal enamel > prenatal enamel.  

 

5. Significantly higher levels of lead were found at the dentine near the pulp cavity. 

Variations in mineralization in the different regions of dentine may lead to such a 

differential incorporation of lead ratios. However these high lead concentrations were 

found in a small number of teeth (6 teeth) taken from 4 children. Therefore, a relationship 

between BLLs and lead concentrations in secondary dentine could not be conclusively 

demonstrated due to the small of sample size.  

 

6. The spatial distribution of lead can be visualised using GIS.   
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7. BLLs were low, in agreement with several studies which showed a major decrease of 

BLLs following the reduction in lead in many sources. However, child HT3 shows a 

higher tooth lead ratio and higher BLL.  

 

8. The findings of the present study suggest that LA-ICP-MS is a useful technique for the 

determination of trace element distribution in the dental tissues which calcify at different 

times during development.  

 

The following sections summarise the answers to each of my research questions.   

 

Question 1: Are mean dentine lead levels associated with known determinants of lead 

exposure? 

Answer: Unlike other studies, the results in the Tooth Fairy Study did not find a clear 

relationship between determinants of lead exposure and DLLs in children living in 

Newcastle. The findings may point towards a lower bioavailability of lead via possible 

routes such as dust, food and soil exposure pathways in this city.  

 

Question 2: Can our histological technique recreate the history of lead exposure over      

a child’s life time? 

Answer: The technique we developed is suitable to be used in identifying the history of 

lead exposure through early life. 

 

Question 2a: Should we sample enamel and/or dentine? 

Answer: Dentine provides the opportunity to establish a detailed chronology of 

incorporation of lead over a longer period than enamel.  

 

Question 2b: How many transects per tooth are required? 

Answer: Based on results in a small set of good tooth sections, in primary dentine, one 

transect may provide the pattern of lead ratios which are consistent at the same age within 

each tooth, indicating that the history of lead exposure may be determined using a single, 

multi-point ablation transect on longitudinal sections of individual teeth. However, we 

recommend further validation this finding in larger population samples, including 

populations with known lead exposure. 
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Question 2c: How many teeth per child are required? 

Answer: The results showed that differences in lead ratios between good sections in two 

teeth from the same child were small although we do not provide sufficient evidence that 

one tooth is sufficient. We recommend an expansion of this study with a larger number of 

samples and the collection of multiple teeth from each of the participants to allow 

refinement and confirmation of the histological technique proposed in the present study. 

 

Question 2d: Does tooth type matter? 

Answer: Tooth type appears not to be a critical in determining variations in lead ratios in 

the present study, although we only analysed one tooth type (molar) so recommend 

further study in multiple tooth types to explore potential variations of lead levels between 

different tooth types.  

 

Question 3: What is the relationship between tooth and blood lead levels? 

Answer: There was no statistically significant association between tooth and blood lead 

levels in the Teesside samples, and further work will be required in a bigger sample to 

establish any link. 

 

5.3 Recommendations 

 

Environmental lead exposure remains one of the most common paediatric environmental 

health problems in many countries including the USA. Attempts have been made to 

reduce environmental lead levels, and while successful in driving down the number of 

children having high lead levels, lead exposure remains a public health issue.                

The following sections provide recommendations in order to decrease exposure to lead in 

children. 

 

1. More studies are needed on exposure to lead in younger children.  

 

2. The scientific committee on neurotoxicology and psychophysiology and the scientific 

committees on the toxicology of metals of the international commission on occupational 

health (ICOH) have suggested that BLLs should be reduced worldwide to 5µg/dL, and 

that a further revision should be carried out in the future since lead toxicity remains at 

even lower levels than this value. This is in agreement with the latest CDC update (July 

2012) suggesting a revised reference BLL value of 5µg/dL. [371] I agree with Gilbert et 
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al (2006) who suggested that the BLL action value in children should be lowered to 

2µg/dL. [372] 

 

3. Blood and tooth samples should be taken to assess lead exposure of children living in 

contaminated areas. 

 

5.4 Direction of future work 

 

It is evident from the present study that this new technique will greatly aid future studies 

exploring lead exposure histories, identifying key exposure sources and vulnerable life 

stages. The following directions of future work are suggested: 

 

1. An implication of these findings is that this technique is suitable to be used in 

designing epidemiological studies such as the history and determinants of metal exposure. 

Trace element exposure occurs differently depending on differences in exposure patterns 

among populations, sampling technique used, and durations of exposure.  Most of the 

teeth in the histological study showed low lead levels with the same pattern. Lead ratios 

increased gradually with age. As stated before, however, interesting findings emerged for 

child HT3. The levels of lead in this child changed, implying changes in the degree of 

lead exposure; it is worth pointing out that this child with a higher BLL also had higher 

tooth lead levels. Building on the epidemiological study, it will be important to undertake 

epidemiological studies to identify causes and factors influencing lead exposure over the 

early life course in areas of different exposure. A better understanding of the time gap 

between the cessation of primary dentine formation and secretion of secondary dentine is 

important. Historical record of childhood exposure are needed to link them to tooth lead 

levels.  

 

2. Investigating dentine lead levels in samples taken from populations in highly-polluted 

areas will be useful in confirming this approach to identify the history of lead exposure. 

 

3. Collection of multiple teeth from participants will allow the study of variations of lead 

levels among different types of teeth to be further explored.  

4. It will be interesting to apply this method to other trace elements, for example in 

manganese. Manganese is involved in several industrial activities such as mining and 

steel work; therefore the methods developed in the present study could be applied to 
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explore the history and determinants of manganese exposure in order to help public health 

surveillance. 

 

5. Levels of several other elements (e.g. Pb, Mg, P, Cl, Ca, Fe, Zn, Sr and Ba) can be 

measured simultaneously via LA-ICP-MS. The study of other elements examined could 

provide further insight into variations in the diets as well as potential sources of 

environmental pollution. It will be crucial to investigate variations in tooth lead levels 

alongside iron levels because several studies have indicated that elevated lead levels may 

be found in cases of iron deficiency.  

 

6. I hope to apply the technique developed here in order to study the history of lead 

exposure in Thai children from highly-polluted lead mining areas. Although the plants are 

now closed, people living around the contaminated areas are still exposed to lead from 

several pathways such as water, soil and crops. Given the robust methodology, I hope that 

I will be able identify critical sources of exposure and vulnerable life stages to enable me 

to produce useful public health advice to reduce exposure in future generations. 

 

Over the past two decades, lead concentrations in the atmosphere have decreased 

dramatically around the world. This is because many countries have banned and removed 

tetraethyl lead from petrol. [373] Nevertheless, humans can be exposed to lead from 

several other sources such as food, water, house dust, soil and industrial activities. 

Environmental exposure to lead is therefore an important issue of continuing public 

health concern. The bio-monitoring of human lead exposure reflects individual body 

burden and can reveal key sources of past or current lead exposure. [5] Thus, the 

appropriate choice and reliable measurement of biological markers is crucial for 

preventing exposure and public health decision making.  

 

The main purpose of this thesis was to develop a method to assess the history of lead 

exposure using tooth lead levels to reveal exposure over a child’s lifetime. I developed a 

novel technique to date ablation points in dentine in milk teeth, and, using this technique 

have demonstrated that primary dentine is a potential biomarker for characterising the 

early life history of lead exposure in children. 
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APPENDIX I: 
 

The Newcastle Tooth Fairy Study’s questionnaire 

 
 

 

 

 

Your reply will be kept in strict confidence.  There is no need to write your child’s name 

anywhere in this booklet 

 

When you have answered the questions, please put this questionnaire in the large 

envelope provided for your child to take into school for collection  

 

Thank you for your time 

Please read the instructions before completing the questionnaire 
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How to answer the questions 
 

There are several types of question in this booklet.  Most of them can be answered by 

ticking a box. Please use blue or black ink to fill in your answers.  

 

For example: 

 

Q. Does your child eat home-grown or allotment–grown vegetables?  

Please tick one box.   

   

Yes ………… 

No ………… 

 

Some of these questions have several boxes and you may be asked to tick one box only.  

 

For example:  

 

Q. Approximately, how much tap water does your child drink each day including 

drinks made with tap water and filtered water?  

Please tick one box only. 

 

None  ………… 

Up to ½ pint ………… 

½ pint to 1 pint ………… 

More than one pint ………… 

 

Another type of question asks you to write your answer on a line or in a space provided 

 

For example: 

 

Q.       What is your child’s date of birth? 

           Please answer on the line below. 

 

 Day               Month            Year 
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Some questions ask you to tick more than one box 

 

For example: 

 

Q. Which of the following educational establishments has the main wage earner in 

the household attended?   

      Please tick all that apply. 

 

 

Primary or secondary school ………… 

College of Further Education or other type 

of college  

………… 

 

Polytechnic or University (including Open 

University) 

………… 

 

 

Or to write a number in a box 

 

 

For example:  

 

Q. How long has your child lived in this place of residence?   

Please complete the box below 

 

5 Years 

   

If you need any help filling in the questionnaire, please contact- 

 

Miss Laura Stokoe 

Research Secretary 

School of Population and Health Sciences 

The Medical School 

University of Newcastle 

Newcastle upon Tyne 

NE2 4HH 

 

Telephone 0800 7318848 

 

Thank you, now please start at Q 1.1 on the next page 
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1. About your child 
 

Q 1.1  Is your child male or female? Please tick one box only. 

 

Male …………1 

Female …………2 

 

 

Q 1.2 What is your child’s date of birth? Please answer on the line below. 

 

Day Month Year 

 
   

 

 

Q 1.3 Please refer to the map on the following page which shows Newcastle city 

boundaries. Has your child lived in Newcastle upon Tyne since birth? 

Please tick one box.  

 

Yes …………1 

No …………2 

 

 

If you have answered ‘No’ please answer Q 1.4. 

If you have answered ‘Yes’ please go straight to Q 1.5  

 

Q 1.4 How many years has your child lived outside of Newcastle City 

boundaries? Please give the number of years.   

 

 Years 

 

 

Q 1.5  Please give the name and address of your child’s GP/Practice 

 

  Please write on the lines below. 

 

  GP name/Practice name 

 

  -------------------------------------------------------------------------------- 

 

  Address 

 

  -------------------------------------------------------------------------------- 

 

  Postcode 

   

-------------------------------------------------------------------------------- 
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2. Your child’s current main place of residence 

This section is about your child’s current main place of residence.  

 

Q 2.1 Please give the full postcode of your child’s home 

 Please complete the boxes below. 

 

        

 

Q 2.2 How many years has your child lived in this place of residence? 

Please complete the boxes below. 

 

 Years 

 

Q 2.3 Does your child’s home have lead water pipes? Please tick one box only. 

 

Yes …………1 

No …………2 

Not sure …………3 

 

If you have answered ‘No’ or ‘Not Sure’ please answer Q 2.4. 

If you have answered ‘Yes’ please continue to Q 2.5. 

 

Q 2.4. In your child’s lifetime, has your child’s home ever had lead water pipes? 

 Please tick one box only. 

  

Yes …………1 

No …………2 

Not sure …………3 

 

If you have answered ‘Yes’, please give the year that the lead pipes were replaced. If you 

are not sure about the year, please give the year you think they were replaced. Please 

complete the boxes below. 
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Q 2.5 How often is your house vacuumed? Please tick one box only. 

 

More than once per week …………1 

Weekly  …………2 

Less than weekly  …………3 

 

Q 2.6 Do you have hard floors in the house (apart from the bathroom and kitchen)?  

Please tick one box only. 

Yes …………1 

No …………2 

 

If you have answered ‘Yes’ please answer Q 2.7. 

If you have answered ‘No’ please continue to Q 2.9. 

      

Q 2.7 How often are the hard floors in your child’s home cleaned (either dry cleaned 

with a dust pan and brush or broom, or vacuum/wet cleaned with a mop)? Please 

tick one box only  

 

More than once per week …………1 

Weekly  …………2 

Less than weekly  …………3 

 

Q 2.8 Are there hard floors usually dry cleaned or vacuum/wet cleaned?  Please tick one 

box only. 

 

Dry cleaned with a dust pan and brush or broom …………1 

Vacuumed/Wet Cleaned with mop …………2 

Both …………3 

 

Q 2.9 When was the house built, not including renovations or additions? If you are not 

sure, please give the year you think it was built.   

Please complete the boxes below. 
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Q 2.10 What is the general condition of the interior paintwork including paint on walls, 

window sills, skirting boards, doors etc?   

Please tick one box only. 

Paint is in good condition with no flaking or peeling …………1 

There is some flaking or peeling …………2 

No Paint …………3 

 

Q 2.11 Was the house built before 1960? 

Please tick one box only. 

Yes …………1 

No …………2 

 

If you have answered ‘Yes’ please answer Q 2.12. 

If you have answered ‘No’ please read the instruction after Q 2.12. 

 

Q 2.12 Have there been any renovations in your child’s lifetime during which the 

following processes have taken place? Please tick one box only. 

Old paint (interior or exterior) has been burnt off, sanded or 

water blasted 

…………1 

Old paint (interior or exterior) has been stripped with 

chemicals …………2 

Ceiling, floors and walls have been demolished …………3 

None of these processes …………4 

 

We may have sent you up to two additional sections to fill in, depending on how you 

answered the questions we asked when you initially called the Tooth Fairy Study phone 

line.  

If either Section 2B (on pink paper) or Section 2C 9on blue paper) were sent to you, 

please fill them in. If not, please continue to Section 3. 

Section 2B (on pink paper) is about any other homes or places that your child frequently 

visits e.g. houses of another parent, grandparents, friends, other relatives or childminders. 

If your child visits one of these places for more than ten hours a week please fill in this 

section.  

Section 2C (on blue paper) is about previous main places of residence e.g. your previous 

home, or previous places your child used to frequently visit e.g. previous homes of 

another parent, relatives or previous childminders. If your child has previously lived in 

another house or used to frequently visit another house please fill in this section.   
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3. About what your child eats and drinks 
 

 

Q 3.1 Do you, or somebody your child visits frequently, grow produce in an allotment 

plot or in the house garden? Please tick one box only. 

 

Yes ………… 

No ………… 

 

 If you have answered ‘Yes’ to this question please answer question 3.2 

If you have answered ‘No’ please go straight to question 3.3 

 

 

Q 3.2 Does your child eat the vegetables that are grown?  

Please tick one box only. 

Yes ………… 

No ………… 

 

Q 3.3 Has you child ever been diagnosed with a calcium or iron deficiency? Please tick 

one box only. 

Yes ………… 

No ………… 

Not sure ………… 

 

Q 3.4 Approximately, how much tap water does your child drink each day including 

drinks made with tap water and filtered water? 

 Please tick one box. 

None  ………… 

Up to ½ pint ………… 

½ pint to 1 pint ………… 

More than one pint ………… 
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Q 3.5 As a baby did your child ever receive bottle feeds (apart from expressed milk)?  

Please tick one box only. 

 

Yes ………… 

No ………… 

 

If you have answered ‘Yes’ to this question please answer Q3.6 

If you have answered ‘No’ please go straight to question Q4.1 

 

Q 3.6  If yes, from what age? Please fill in the age in the boxes below. 

 

Weeks  

Months  
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4. About other aspects of your child’s eating behaviour 
 

Q 4.1  Does your child suck his/her thumb? Please tick one box only. 

 

Yes Currently ………… 

Not currently but has done so in the past ………… 

No and never has ………… 

 

Q 4.2  Does your child chew or mouth painted objects? Please tick one box only. 

 

Yes Currently ………… 

Not currently but has done so in the past ………… 

No and never has ………… 

Not sure ………… 

 

Q 4.3 Does your child suck on hair or clothing? Please tick one box only.  

 

Yes Currently ………… 

Not currently but has done so in the past ………… 

No and never has ………… 

Not sure ………… 

 

Q 4.4  Does your child put small toys or other objects such as buttons in his/her mouth? 

Please tick one box only. 

Yes Currently ………… 

Not currently but has done so in the past ………… 

No and never has ………… 

Not sure ………… 

 

Q4.5 Does your child eat soil, dirt or any creatures that live in the soil such as 

earthworms?    Please tick one box only. 

 

Yes Currently ………… 

Not currently but has done so in the past ………… 

No and never has ………… 

Not sure ………… 

 

Q 4.6 Does your child suck, chew or eat paper? Please tick one box only. 

 

Yes Currently ………… 

Not currently but has done so in the past ………… 

No and never has ………… 

Not sure ………… 

 

Q 4.7  Does your child suck chew or eat pencils or any other writing implements? Please 

tick one box only. 

Yes Currently ………… 

Not currently but has done so in the past ………… 

No and never has ………… 

Not sure ………… 
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5. About the family at your child’s main place of residence 

 

This section is about the family at your child’s main place of residence.  

 

Q 5.1 Including yourself, how many people live in your household? 

  Please write on the lines. 

  Number of adults (aged over 16 years) _____________ 

  Number of children aged 5 and over _____________ 

  Number of children under 5  _____________ 

 

Q 5.2 Many jobs or hobbies can involve the use of lead.  Do any household members in 

the main place of residence take part in any of the following activities?  

Please tick all that apply. 

Car repair ………… 

Panel-beating ………… 
Lead lighting ………… 
Lead window making ………… 
Lead weight making ………… 
Electronics ………… 
Ammunition handling ………… 
Car battery service/repair or manufacture ………… 
Floor sanding ………… 
Other ………… 
Please specify  

 

Q 5.3 Does your child have a brother or sister, or playmate with a known elevated blood 

lead level?  

Please tick one box only. 

 

Yes  ………… 

No ………… 

 

Q 5.4 Does anyone smoke in the main place of residence?  

Please tick one box only. 

  

Yes  ………… 

No ………… 
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Q 5.5 Have your child or any member of the household ever use kohl (also known as 

kajal, al-kahl, or surma) eyeliner? 

Please tick one box only. 

Yes  ………… 

No ………… 

 

Q 5.6 Would you please tell us which group below best describes your total 

HOUSEHOLD income after tax and deductions (i.e. take home pay)? 

Please include any allowances, benefits or pensions you or any members 

of your household receive. 

 Please tick one box. 

 

Total take home pay per week Total take home pay per month  

Up to £47 per week Up to £208 per month ………… 
£48-£96 per week £209-£416 per month ………… 
£97-£192 per week £417-£833 per month  ………… 
£193-£288 per week £834-£1249 per month ………… 
£289-£384 per week £1250-£1666 per month ………… 
£385-£481 per week £1667-£2083 per month ………… 
£482-£577 per week £2084-£2499 per month ………… 
Over £578 per week Over £2500 per month ………… 
   

 

Q 5.7 Which of the following educational establishments has the main wage earner in the 

household  

          attended?  

 

Please tick all that apply. 

 

Primary or secondary school ………… 

College of Further Education or other type of college  ………… 

Polytechnic or University (including OU) ………… 

 

We may have sent you one additional section concerning the people your child lives with. 

This depends on how you answered the questions we asked when you initially called the 

Tooth Fairy Study phoneline.  

If this additional section was sent to you, please fill them in.  

 

Section 5b (on green paper) is about the people your child may stay with  frequently. 

Please answer these questions if your child visits any other  home e.g. the home of 

another parent, grandparents, child minders etc, more than 10 hours per week  
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APPENDIX II: CONSENT FORM 
 

Version 2.0 Date 8 May 2009 
 

Lead levels in teeth as a measure of cumulative lead exposure in children 

Protocol Number:  09/H0905/42 

Principal Investigator: Dr Susan  Hodgson 

Co-investigator:  Miss Charuwan  Manmee 

Participant details: 

Gender:                                                                             

Age:  

By signing this document you consent to your child’s participation in the research project ‘Lead 

levels in teeth as a measure of cumulative lead exposure in children’ being undertaken by 

Miss Charuwan Manmee at Newcastle University. Please tick to confirm that: 

You have read the consent form and explained to your child what the study will involve  

Your questions relating to this research project have been answered                                  

You have understood the patient information sheet dated 8 May 2009 (version 2.0.) and have 

decided, with your child, to participate in this study                                                            

You understand that your child’s participation is voluntary, and that you and your child are free to 

withdraw at any time without your medical care or legal rights being affected                              

You understand that if we find your child’s teeth to be very unsound upon removal we may not be 

able to analyse these teeth, and your child may be excluded from our analysis             

 

_______________________________    _________________________ 

Signature of Parent/Legal Guardian (if necessary)   Date 

 

 

_______________________________    _________________________ 

Signature of Investigator      Date 

 

 

______________________________    _________________________ 

Signature of Witness (if appropriate)     Date 

 

 

All of the information you provide to Miss Manmee will be kept confidential.  

A copy of the informed consent will be given to you for your records. 
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APPENDIX III: PUBLICATIONS 

1. Shepherd TJ, Dirks W, Manmee C, Hodgson S, Banks DA, Averley P, 

Pless-Mulloli T.  Reconstructing the life-time lead exposure in children 

using dentine in deciduous teeth.  Science of the Total Environment  
2012;425:214-222 
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2. Manmee C, Hodgson S, Dirks W, Shepherd TJ, Pless-Mulloli T. Lead 

levels in teeth as a measure of life-time lead exposure in children: in 

Development Variation of the Primate Dentition: The 2011 AAPA 

Symposium in Honor of Don Reid. Evolutionary Anthropology 2011;20: 

161-163. 
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APPENDIX IV: POSTER PRESENTATIONS 

1. Lead levels in teeth as a measure of life-time lead exposure in children 

(Poster presentation, 23rd Annual Conference of the International Society for 

Environmental Epidemiology (ISEE), Barcelona, Spain, September 2011) 
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2. Dentine lead levels in children in Newcastle upon Tyne 

(Poster presentation, 23rd Annual Conference of the International Society for 

Environmental Epidemiology (ISEE), Barcelona, Spain, September 2011) 


