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ABSTRACT 

 
The effects of lead poisoning have been known for centuries and the 

deleterious effects of chronic, low to moderate levels of lead exposure on 

children�s cognitive functioning is now well-established (Needleman & 

Gatsonis, 1990; Schwartz, 1995).  Similarly, low and moderate levels of lead 

exposure early in life have been frequently associated with behavioural 

disturbances later in life in children and animals.  However, few studies have 

systematically investigated the link between lead-induced deficits in cognitive 

functioning and lead-induced behavioural disturbances.  This project describes 

a series of studies investigating the effects of lead on auditory processing and 

attentional behaviour, and their ability to account for the deleterious effects of 

lead on IQ in children participating in the Port Pirie Cohort study. 

 

Capillary blood samples were collected from the children at various 

ages from birth to 2 years, and annually thereafter until the age of 7.  A measure 

of lifetime PbB was calculated for each child using the geometric mean of all 

the blood lead samples.  This measure of lifetime PbB was used as a continuous 

explanatory variable in each of the studies described below.  A variety of 

sociodemographic, health, anthropometric, birth and developmental covariates 

and potential confounders were recorded prospectively and concurrently.  Using 

Needleman et al.�s (1996) analysis protocol, 8 of these covariates were included 

in all final regression models. 

 

 

Study One 

 

A total of 387 children from Port Pirie, Australia (mean age of 7.7 

years) participated in a study of children�s simple auditory processing.  

Children completed a series of monaural listening tasks across 4 ear/hand 
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conditions.  It was hypothesised that auditory reaction time and auditory 

processing accuracy would be related the lifetime PbB.  Analysis revealed no 

significant associations between lifetime PbB and the reaction time to target 

words and a small significant association (3.6%) between lifetime PbB and 

accuracy of target word detection in just one of the four ear/hand conditions.  

The strongest associations were found between PbB and false responses to 

distractor words (10.1%, after adjusting for confounders).  It was speculated 

that this pattern of results could be explained via lead effects on other processes 

such as impairments to impulse control or attentional processes. 

 

 

Study Two 

 

Study Two investigated the effect of lifetime PbB on children�s 

complex auditory processing.  In this study participants completed dichotic 

listening tasks across 4 different ear/hand conditions.  After controlling for 

potential confounders, lifetime PbB accounted for 6.2% of the variance in the 

accuracy of target word detection.  A weak direct association (3.0% of the 

adjusted variance) was also found between lifetime PbB and target word 

reaction time.  No significant associations were found between lifetime PbB 

and the percentage of false responses or the speed of the false responses.  Again 

the pattern of results was suggestive of a deficit in attentional processes such as 

freedom from distraction and impulse control. 

 

 

Study Three 

 

This study hypothesised that lead-induced impairments to attentional 

behaviour - similar to those observed in Studies One and Two - would be 

observed in other contexts.  The mothers of 492 cohort children, and teachers of 

454 of the children participated in this study.  The mean age of children for 
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whom ratings were collected was 7 years and 4 months.  Two versions of the 

Conner�s Behavior Rating Scale were used to rate the children�s behaviour: The 

Parent Rating Scale and the Teacher Rating Scale.  Lifetime PbB accounted for 

a significant amount of the variance in Conner�s Parent Behavior Rating Scale 

scores.  It accounted for 5.9% and 7.3% of the unadjusted variance in the 

Immature/Inattentive, and Hyperactive/Impulsive scores respectively.  After 

adjusting for covariates, each of these associations remained significant.  The 

associations between lifetime PbB and girls� behaviour scores were much 

higher (11.2%) than the PbB associations with boys� behaviour scores (4.6%).  

The unadjusted associations between lifetime PbB and Teacher Rating Scores, 

although much lower, were also significant and accounted for between 1.2% 

and 2.4% of the variance in the behaviour scores.  However, after controlling 

for potential covariates these associations were no longer significant.  These 

results indicated that increases in lifetime PbB were associated with higher 

Hyperactivity/Impulsivity and Immature/Inattention and scores on the Conner�s 

Parent Rating Scale, but not the Conner�s Teachers Rating Scale. 

 

 

Study Four 

 

In this study it was hypothesised that a significant association would 

exist between children�s auditory processing performance and parent and 

teacher behavioural ratings of inattention and impulsivity.  Correlational 

analysis was conducted on the data from Studies One, Two, and Three, to 

ascertain if the behavioural patterns as reported by the children�s parents and 

teachers, were associated with the children�s performance on the auditory 

processing tasks.  Correlational analysis revealed highly significant correlation 

coefficients in the direction predicted between auditory processing scores and 

the Inattention and Hyperactivity/Impulsive scores of the Conner�s Parent and 

Teacher Rating Scales. 
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Study Five 

 

The purpose of this study was to examine the extent to which auditory 

processing and attentional behaviour scores could account for the lead-induced 

deficits in children�s global cognitive abilities.  Combining IQ data with data 

from Studies One, Two, and Three, a hierarchical analysis was conducted with 

lifetime PbB as the continuous explanatory variable.  The analysis entered 

potential covariates at step 1, behaviour ratings at step 2, auditory processing 

efficiency in step 3, auditory processing speed in step 4, and lifetime PbB at 

step 5.  The results indicated that when parent and teacher ratings of behaviour 

and auditory processing efficiency were included in the model, lifetime PbB no 

longer accounted for a significant proportion of Verbal, Performance or Full-

Scale IQ scores.  On the other hand, further analyses demonstrated that the 

significant associations between lifetime PbB and parental behaviour ratings 

could not be accounted for by including IQ scores as mediating variables in the 

analytical model. 

 

 

Conclusion 

 

The results of this project provide evidence for the deleterious effect of 

lead exposure on children�s auditory processing performance and parent ratings of 

behaviour.  Further, including these variables in an analysis of the effects of lifetime 

PbB on IQ served to markedly attenuate direct effect of lead on IQ to the level of 

non-significance.  Taken together the data implicates disturbances to attentional 

processes (such as impulsivity and inattention) as possible mediators of lead-

induced deficits in IQ. 
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CHAPTER ONE.  OVERVIEW OF THE RESEARCH PROJECT 
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1.1 Background to the Research 

The harmful effects of high levels of lead in the body have been known for 

decades (Gibson, 1904; Byers & Lord, 1943; McKann, 1932).  However, the debate 

about the effects of low-level, subclinical levels of lead exposure on behaviour and IQ 

has been very active over the last 15 years.  In 1984 the UK Medical Council, in its 

review of the major studies published to that date concluded, �a moderate elevation of 

body lead burden as found in some British children has little or no effect on IQ� (p. 59). 

 

The debate on the effects of lead on children�s IQ had been re-fuelled by a study 

published by Needleman and associates in 1979 which indicated that lead - after 

controlling for 39 possible confounders - had a deleterious effect on children�s 

performance on IQ and behavioural measures, at levels much lower than previously 

assumed, and in a linear dose-response relationship (Needleman et al., 1979).  Whilst the 

1984 report of the UK Medical Council concluded that lead had no or little effect, that 

review relied primarily on dentine levels as the measure of lead exposure, and on cross-

sectional studies of school-aged children.  Prospective studies or cross-sectional studies 

of children under school age had not yet been reported. 

 

Between 1981 and 1989, the debate over whether low to moderate levels of lead 

exposure had any effect on children�s cognitive development was at its peak.  The 

discourse was heated and vigorous.  The stakes were high.  On one side was the lead 

industry represented by the International Lead and Zinc Research Organisation (ILZRO).  

From their perspective, a negative finding would cost the industry millions, if not 
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billions, of dollars.  On the other side were the environmentalists.  For them, the stakes - 

in terms of cost to the environment and the health and welfare of children - were equally 

high.  Their concern was for damage to the environment and to individuals exposed to 

environmental and occupational lead.  Both sides were passionate about their cause and 

both actively prosecuted their cases. 

 

In this inflammatory climate a handful of prospective studies of children under 

school age commenced.  Between 1986 and 1988, the initial findings from three major 

prospective studies were reported (Bellinger, Leviton, Waternaux, Needleman, & 

Rabinowitz, 1987; Dietrich et al., 1986; McMichael et al., 1988) and, together with other 

cross-sectional studies, essentially turned the tide of world opinion on the effects of low-

level lead exposure.  Subsequent reports from these and other prospective studies fairly 

consistently demonstrated the deleterious effects of low level lead exposure on the 

cognitive abilities of young children.  Thus, from 1984 to 1993, there was a major shift in 

international scientific opinion on the effects of lead on the cognitive functioning of 

children. 

 

Around the same time, a number of animal studies identified the effects of low, 

moderate and high levels of lead on nerve conduction (Yamamura et al. 1987; 

Yamamura, Terayama, Yamamoto, & Kohyama, 1991), learning (Morse et al., 1986), 

discrimination (Rice, 1988) and a variety of other cognitive tasks (Molfese et al., 1986).  

This evidence, whilst somewhat inconsistent, was broadly supportive of the findings of 

the prospective studies of young children.  Similarly, a number of well-designed cross-
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sectional studies were reporting the deleterious effects of low level lead exposure on 

children�s cognitive abilities (Fergusson, Horwood, & Lynskey, 1993; Fulton et al., 1987; 

Harvey, Hamlin, Kumar, & Delves, 1988; Hatzakis et al., 1987; Silva, Hughes, Williams, 

& Faed, 1988; Yule, Lansdown, Millar, & Urbanowicz, 1981). 

 

The World Health Organisation (WHO) responded to this growing body of 

evidence by revising the �level of concern� downwards from 30 ug/dl to 25 ug/dl to 15 

ug/dl during the 1980�s.  However, many western governments (who frequently had 

access to unpublished data) had acknowledged the trend of the data well before this and 

initiated environmental decontamination programs, established large scale health 

programs to identify and treat children with dangerous levels of lead, and introduced 

unleaded petrol and new anti-pollution laws for the lead industry (McMichael et al., 

1988). 

 

By 1993, based on animal, cross-sectional and prospective studies, a general 

consensus had developed in the academic community and among government policy 

makers, that low to moderate levels of lead exposure had a direct, deleterious effect on 

the general cognitive abilities of children.  In his meta-analysis of studies on low to 

moderate levels of lead exposure and children�s IQ, Schwartz (1994) noted that �a highly 

significant association is seen between blood lead levels and full-scale IQ in school aged 

children� (p. 51).  He added that the strength of this finding was reinforced by the fact 

that (1) the effect sizes were similar across studies, (2) the results from longitudinal and 

cross-sectional studies were quite similar, and (3) even if 8 new studies showed no 
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significant association between blood lead levels and IQ, this would not disturb the 

conclusion of the meta-analysis. 

 

The studies reviewed by Schwartz (1994) showed remarkable consistency in reporting 

the deleterious effect of lead on children.  This consistency was evident across study 

design, continents, and populations.  Further, he noted no evidence for a lower threshold 

at which lead did not adversely affect cognitive function. 

 

Despite this consensus on the effect of lead on global cognitive functioning, 

evidence of the precise mechanisms by which lead compromises the neurological system 

in children remains patchy.  There is little indication of the specific areas, functionally or 

organically, that appear to be the most vulnerable to the effects of lead.  Not only would 

this information help provide a more analytical approach to the problem but it is 

important for understanding the nature of problems faced by these children, for clinical 

assessment and diagnosis, for prevention, for rehabilitation and for treatment. 

 

One area that shows promise in this respect is auditory functioning.  In their 

review, Otto and Fox (1993) highlighted the need for more extensive sensory testing in 

children and workers to screen for lead-induced health effects.  Specifically they 

proposed that  

The effects of lead on higher order auditory processing, under normal 

and distorted conditions, suggest that learning may be impaired in 
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children due to lead induced alterations in auditory discrimination.  

Clearly further work is needed in this important area of study (p. 194). 

 

Another area that seems to warrant further research, is attention.  Data from 

selected high-lead exposure groups (Raab, et al., 1990; Thomson et al., 1989; Hatzakis et 

al., 1987), children diagnosed with hyperactivity, (Baloh, Sturm, Green, & Gleser, 1975; 

David 1972, 1977; Rummo, Routh, Rummo, & Brown, 1979) cross-sectional studies 

(using dentine, teeth bone or umbilical cord lead) (Fergusson et al., 1993; Needleman et 

al., 1979; Needleman et al., 1996; Silva, Hughes, Williams, & Faed, 1988; Winneke et 

al., 1987; Yule & Lansdown, 1986), and prospective studies (Leviton et al., 1993; 

Roberts et al., 2000; Wasserman et al., 1998) all revealed a relationship between lead 

exposure and disturbances to children�s behaviour.  Behaviours frequently reported to be 

affected by lead include inattention, distractability and impulsivity.   

 

Lead-induced changes to behaviour have also been observed in a number of 

animal studies.  Primate studies have found increased lead levels to be associated with 

disinhibition or inappropriate responding (Bushnell & Bowman, 1979a ; Gilbert & Rice, 

1987; Rice, 1985; Rice & Gilbert, 1985; Rice, Gilbert, & Willes, 1979; Rice, 1979; Rice, 

1992).  Rodent studies have also demonstrated the deleterious effects of lead on rodents� 

behavioural functioning.  They have presented evidence associating lead exposure in rats 

to increased activity rate (Cory-Slechta & Thompson, 1979; Winneke, 1979; Winneke, 

Lilienthal, & Werner, 1982), increased response variability (Brown, 1975; Cory-Slechta 
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& Thompson, 1979; Cory-Slechta, Weiss, & Cox, 1985), and response disinhibition 

(Munoz Garbe, Lilienthal, & Winneke, 1988, 1989; Rice, 1999; Strupp & Alber, 1994). 

 

While the area of attentional behaviour has been addressed in animal and human 

studies, it has almost always been done in isolation; that is, its effect has yet to be 

examined when considering the effect of PbB on other cognitive factors.  Testing 

attentional behaviour during auditory processing would seem to be an important step in 

this direction.  Perhaps the most interesting question centres on the links between 

auditory processing and attention, and their role in accounting for lead induced cognitive 

deficits in children. 

 

In summary, whilst the evidence for the negative effects of lead on global 

cognitive functioning is now quite strong, a number of important questions remain to be 

answered, including the central issue of the identification of the mechanisms which are 

responsible for the decrement in children�s cognitive abilities associated with elevated 

blood lead.  With parallel strong evidence associating lead exposure with behavioural 

disturbances in children, there are good grounds to consider the role of attention, 

impaired auditory processing, and their interaction, in accounting for the cognitive 

deficits associated with increased body lead burden. 
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1.2 Research Problem  

In view of its clear importance, the following research problem was investigated 

in the present project. 

 

To what extent does children�s auditory processing and attentional 

behaviour contribute to the impairment in cognitive abilities associated with 

increased body lead burden? 

 

This research problem was considered via the investigation of a number of 

specific research questions. 

 

• To what extent is simple auditory processing impaired by early childhood exposure to 

environmental lead (Chapter 4)? 

• To what degree is complex auditory processing and attentional behaviour impaired 

due to early childhood exposure to lead (Chapter 5)? 

• Can lead-induced impairments to attentional behaviour be observed in other contexts 

such as home and school (Chapter 6)? 

• To what extent are impaired auditory processing and behavioural ratings of attention 

related (Chapter 7)? 

• To what extent can lead-induced deficits in children�s global cognitive abilities be 

explained by impairment to auditory processing and attentional behaviour (Chapter 

8)? 
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1.3 Outline of the Thesis 

The above questions form the basis for the issues addressed in chapters 4 to 8 of 

this thesis.  Chapter 2 reviews research which has examined the effects of lead on 

cognitive functioning and children�s behaviour.  Particular emphasis is paid to research 

completed in the last 15 years, which has revealed significant advances and major 

changes in the understanding of the effects of lead on human neurological functioning.  

This research is considered in terms of sources of exposure, current diagnosis and 

treatment of lead poisoning, and issues in the assessment of neurological functioning and 

cognitive abilities.  Consideration is also given to research across the fields of 

occupational exposure and animal studies.  Research on humans is then examined, 

looking successively at cognitive functioning and children�s behavioural studies.  On this 

basis, the broad research problem and a number of research questions are specified.   

 

Chapter 3 describes the paradigm used and the methodology.  It outlines the 

sampling and recruiting procedures and the experimental protocols.  It discusses the 

nature and properties of the ability tests, behavioural tests, environmental tests and 

neurological tests employed.  It also discusses the anthropometric measures and the 

measures of body lead burden.  Finally, this chapter will describe demographic, blood 

lead, and anthropometric characteristics of this sample and review some of the major 

published findings of the Port Pirie Cohort study. 

 

The research questions and major findings of the present research will be 

presented in Chapters 4 to 8.  The final chapter considers the data on each of the research 
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questions in relation to current literature.  On this basis, a conclusion with respect to the 

research problem is presented.  Implications for theory, public health and health policy 

makers are discussed.  Finally, the limitations of the project are examined and areas for 

future research suggested. 
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2.1 Introduction  

The purpose of this chapter is to review the evidence relating to the deleterious 

effects of lead on children�s global cognitive development.  It will be argued that 

although the specific mechanisms through which this global impairment occurs have yet 

to be investigated adequately, evidence of the deleterious effects of lead on children�s 

global cognitive development is now well established.   Research into the effects of lead 

on children�s behaviour will then be considered.  Again it will be argued that there is now 

convincing evidence of the negative effects lead on children�s behaviour.  Finally, 

drawing together themes from auditory processing and behavioural research, the role of 

executive management of attention and auditory attentional processes will be proposed as 

important contributors to the observed, lead-induced impairments in the cognitive 

abilities of children.   However, before this is done this review will consider research into 

the sources of exposure, methods of measurement and management of lead exposure in 

children. 

2.1.1 History of lead research 

Although scientific reports of the damaging effects of ingestion of lead date back 

to 1904 (Gibson), 1917 (Blackfan), 1932 (McKann), and 1943 (Byers & Lord), much 

earlier than this, folk legends spoke of the dangers of plumbism (lead poisoning) acquired 

through drinking from lead goblets in the times of the Roman Empire, and through the 

lead used in the felting process (�mad hatter�).   
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Needleman (1999) characterises the history of research into the effects of lead 

into five broad stages.  The first stage, dating back to the 2nd century BC, is the 

conception of lead as a poison, with an understanding that you either �get better or die�.  

The next stage is the beginning of a modern understanding of the residual toxicological 

effects of high levels of lead exposure.  This began with McKann�s (1932 ), and Byers 

and Lord�s (1943) scientific investigations on the effects of moderate to high levels (20-

60 ug/dl) of lead exposure.  Before this stage, children who did not die of acute toxicity 

were said to have no lasting signs of their illness.  In the third stage it was believed that 

demonstrable neurological effects from lead exposure only followed symptomatic illness.  

The fourth stage, beginning in the 1980�s, was characterised by investigations into the 

effects of lead at moderate to low levels of lead exposure.  Now, it is widely accepted that 

low level, asymptomatic lead exposure is associated with enduring neurobehavioural 

deficits.  Needleman suggested that around 1993, research into the effects of lead began 

to focus on its effects at very low levels (< 10 ug/dl).  At this stage, the focus on IQ was 

no longer the most important target.  Deficits in attention and social adjustment became 

the main focus of research.  The current project fits into Needleman�s fifth stage.  It also 

systematically links this work with work from the fourth stage. 

 

2.2 Sources of Exposure. 

Even though the current community levels of environmental lead in the Western 

world are generally lower than pre-1980 levels (Shuhmaker, Belles, Rico, Domingo, & 

Corbella, 1996; Stromberg, Schutz, & Skerving, 1995; Taylor, Bazelmans, Golec, & 

Oakes, 1995), the lead levels in industrialised environments are still about 100 times 
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higher than the natural concentrations found on earth (Rice, 1985).  The blood lead values 

of an acculturated population in the Himalayas (itself a relatively pure and unspoilt 

environment) was measured at 3.5 ug/dl, whilst the lead levels in an unacculturated 

population of a neighbouring region averaged 0.83 ug/dl (Rice, 1983).  Thus, it seems 

that lead exposure is an inevitable consequence of living in the modern world. 

 

Lead in the environment comes from seven major sources (Bellinger, Leviton, 

Allred, & Rabinowitz, 1994). 

1. Much higher levels are found in those living in the vicinity of a lead smelter, or 

factories manufacturing components using lead based materials such as lead-acid 

batteries.   

2. Lead may also be present in locations of toxic waste disposal.  

3. Exposure to high levels of environmental lead may also occur when paint is being 

removed from structures previously painted with lead-based paint.  The dust from this 

process can contaminate the surrounding area and all those in its vicinity.   

4. Parents working in any of the above occupational settings may bring lead 

contaminated materials (clothes, shoes, equipment, lunch boxes, and etc.) home and 

thereby introduce contaminants into the child�s environment.   

5. Lead may also be introduced into the environment via activities such as lead-lighting 

and pottery, and making lead based articles such as fishing sinkers, scuba weight belts 

and gunshot.   

6. Toys or eating utensils may also be a source of lead in a child�s environment.   
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7. Inner urban children are also exposed to lead in the form of fumes from vehicles using 

petrol with lead additives. 

 

In Australia, children in inner southern and western Sydney, living in a highly 

urbanised but non-industrial environment, have reported average levels of between 13-18 

ug/dl (Mira et al., 1996).  Since the introduction of legislation limiting the amount of lead 

in petrol, levels of blood lead in modern urban environments have decreased from 17 

ug/dl to 8 ug/dl in Victoria, Australia (Taylor, Bazelmans, Golec, & Oakes, 1995), 17 

ug/dl to 11 ug/dl in a province in Spain (Shuhmaker, Belles, Rico, Domingo, & Corbella, 

1996), and from 21 ug/dl to 12 ug/dl in Sweden (Stromberg, Schutz, & Skerving, 1995). 

 

Even though the blood lead burden of children in western countries has decreased 

over the last decade as a result of public policy and public health interventions, children 

living in urban centres are still at high risk of exposure to environmental lead.  This is 

primarily due to decades of fuel-based lead emitted, and the preponderance of older 

dwellings with interior and exterior surfaces painted with lead-based paint which, over 

the years, has weathered and become a constituent of the surrounding dust and soils. 

 

In Port Pirie, Australia, up to $12,000 is spent per home removing the lead in the 

child�s immediate home environment (house and yard).  This intervention brings about a 

rapid and dramatic decrease in the children�s PbB.  However, 18 months later the 

children are at levels equivalent to those projected if no decontamination of the 

immediate environment had been conducted.  It is believed this is in part due to ambient 
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airborne lead dust re-entering the child�s environment.  This ambient lead dust is the 

result of lead deposited over the town in the preceding 90 years (McMichael, 1984). 

 

Early studies in Port Pirie, Australia (Baghurst, Oldfield, Wigg, McMichael, 

Robertson, & Vimpani, 1985), showed that PbB was associated with amount of time sent 

playing outside, and with mouthing activity, pica and finger sucking.  It also indicated 

that the amount of lead dust present in the child�s immediate environment was a major 

determinant of blood lead concentrations in early childhood.  For children the Port Pirie 

study blood lead levels rose markedly after 6 months of age, peaked at 2 years of age, 

declined through the child�s third and fourth years and seemed to remain relatively 

constant thereafter until the age of 7 (McMichael, Baghurst, Robertson, Vimpani, & 

Wigg, 1985).  The PbB levels were positively associated with the surface soil 

concentrations and were higher in the summer months than the winter months. 

 

Later work by this group in 1987 (Baghurst, McMichael, Vimpani, Robertson, 

Clark, & Wigg) reported that low socioeconomic status, use of reticulated water rather 

than rainwater, age (21 or less), high body mass index, and a low dietary intake of 

calcium, were all associated with higher blood lead concentrations.  On the other hand, 

lower concentrations of blood lead were observed in women who took folic acid and iron 

to supplement their diet. 

 

In summary, the major determinants of a high blood lead burden appear to be 

living in a lead-exposed environment, certain childhood behaviour patterns (e.g., 
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mouthing and pica), age, lifestyle and diet factors, and seasonal variations (higher 

ambient dust in summer). 

 

2.3 Measurement of Lead in Humans 

Lead in humans can be measured in blood, urine, hair or teeth samples (or other 

tissues such as bone, liver, and muscle).  It can be measured via colorimetric, 

spectrometric, electrochemical or chromatographic methods via nuclear magnetic 

resonance, x-ray fluorescence or mass spectrometry. 

 

In industrialised environments, adult humans ingest about 10-200 ug of lead daily 

(Flegal, Smith, & Elias, 1990).  Of this ingested lead, the gastrointestinal tract absorbs 

only about 5-20%.  Of this absorbed lead, about half is excreted via the kidneys and bile, 

while the remainder is distributed to soft tissue and the skeleton (Rabinowitz, Wetherill, 

& Kopple, 1976).  The body lead burden of humans is primarily found in bone (>90%).  

In cortical bone, Pb has a half-life of about 5-10 years, whereas in trabecular bone the 

half life is about 1 year.  Consequently, the skeletal Pb is believed to be the best 

reflection of time-integrated body lead burden (Patterson, Ericsson, Manea-Krichten, & 

Shirahata, 1991).   

 

Whilst skeletal lead is regarded as the best measure of time integrated exposure, 

the measurement of skeletal lead is a difficult and costly process, not affordable to most 

research and public health projects.  Other body tissues and fluids have been used, 

however, without much success.  Flegal and Smith (1995) point out the use of urine, hair 
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and nails as a measure of lead exposure is problematic due to �(i) large within subject 

variability, (ii) their susceptibility to contamination and (iii) the inadequately defined 

relationships between exposure and sample lead concentrations� (p. 29).   

 

The use of tooth lead gives a measure of cumulative exposure, as lead is stored in 

teeth over time.  However, it is still not a perfect measure of lifetime exposure as 

problems have been reported with the relatively low return rate of deciduous teeth. This 

may create bias toward higher SES and more intelligent parents.  Different studies have 

also used different parts of the tooth, and different methods, for lead estimation.  In 

addition, many of the teeth cannot be used due to the reliability problems with this type 

of measurement.  Finally, tooth lead measures (with all their limitations), at best, provide 

only a measure of cumulative lifetime exposure they are unable to assess the timing or 

patterns of exposure.  They cannot provide an estimate of lead exposure at a particular 

time, such as a developmental period during which the neurological system is more 

vulnerable to neurotoxicological insult. 

 

Consequently, blood lead measures are regarded as perhaps the most appropriate 

measures of environmental lead exposure, due to ease of collection and accuracy of 

measurement (NRC, 1993).  However, with an elimination half-life of about 28 days, 

blood lead levels only reflect relatively recent environmental lead exposures (Rabinowitz, 

Wetherill, & Kopple, 1973).  For research and diagnosis, this highlights the importance 

of collecting PbB at a number of different time points. 
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Blood may be sampled via capillary sample or venous sample.  Capillary blood 

sampling is relatively painless and involves collecting a small amount of blood (approx. 5 

-10 ml) from a prick, usually in the finger of a child, or heel of a baby.  As this procedure 

involves catching drops of blood into special containers, it is vulnerable to contamination 

via entry of extraneous particles from the environment.  Collecting blood via venous 

sample lessens the chances of the sample being contaminated during the collection 

procedure.  It involves collecting about 20-50 ml of blood via vena puncture.  However, 

this procedure can be more painful, threatening, and therefore traumatic for children.  

 

This study used repeated capillary blood samples as its means of estimating level of lead 

exposure.  Using repeated measures had the advantage of smoothing any temporal 

fluctuations.  Further, since quality control trials comparing this method to venous 

sampling revealed a 98% agreement between the two types of measures the concerns 

about the trauma suffered to children through using the venous sample technique and 

possible subsequent withdrawal of participants from the study further reinforced the 

decision to use repeated capillary blood samples. 

 

2.4 Current Diagnosis and Treatment. 

Symptomatic lead poisoning is characterised by spasticity or movement disorders, 

tingling numbness and weakness in the extremities, peripheral nerve damage, and 

clumsiness or difficulty in fine-motor control (Feldman & White, 1992).  Extreme levels 

of PbB (100 ug/dl and above) are associated with lead encephalopathy, lead to dullness, 

irritability, headaches, muscular tremors which may proceed to convulsions, paralysis, 
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coma and death.  In these cases, even if chelation is quickly employed, death still results 

in 20-40% of cases (Schroeder, Hawk, Otto, Mushak, & Hicks, 1985).  High levels, that 

remain asymptomatic in terms of lead encephalopathy, have been associated with long-

lasting intellectual deficits (Chisolm, 1966; Perlstein & Attala, 1966). 

 

Early statements by the Centers for Disease Control (CDC) set 25 µg/dl as the 

PbB at which clinical and social intervention should occur.  More recently this threshold 

has been revised downward, and now levels below 9µg/dl are considered relatively safe.  

The Agency for Toxic Substances and Disease Registry defined the threshold for 

neurobehavioural toxicity as 10 to 15 ug/dl.  The CDC�s goal is to reduce all children�s 

blood lead levels to below 10 µg/dl.   

 

Getting all children�s PbB to below 10 ug/dl is recognised as an extremely 

difficult task.  So for practical purposes the CDC recommend a multi-tier public health 

approach.   

1. PbB�s in the range between 10-14 µg/dl are considered in the border zone (Class II).  

At this level, the CDC recommend community-wide prevention and screening efforts 

in order to detect other cases.   

2. When children are detected with a PbB of 15-19 (Class IIb), the CDC recommend 

individual case management and educational and nutritional interventions, while 

efforts should be made to remove the child from the source of the hazard.  If the 

child�s PbB remains in the Class IIb range, further investigation must be made as the 

source of the contamination probably still exists. 
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3. At Class III (20-44 µg/dl), full medical examination, environmental investigation, and 

remediation is advised for all children.  In addition to this medical and environmental 

investigation, children may require hospitalisation and treatment with chelating agents. 

4. Children with blood lead levels 45-69 µg/dl (Class IV) require immediate treatment 

with intravenous and oral chelating agents.   

5. At Class V level (Pb greater than 69 µg/dl), children must be treated as a medical 

emergency, and medical and environmental management must begin immediately 

(Feldman & White, 1992). 

 

Chelation can be performed orally or intravenously.  In Australia, for children 

with Class V lead exposure or above, the chelating agents used in treatment are usually 

administered intravenously.  In Australia, usually EDTA is administered as the chelating 

agent.  This chemical bonds to the lead in the blood stream, and is then secreted in urine.  

This procedure is painful for the child and can potentially cause long term kidney 

damage.  Consequently hospitalisation and careful monitoring is required throughout the 

duration of the treatment.  In the United States, oral chelating agents, such as Succimer 

have been introduced for use when children�s blood lead levels exceed 45ug/dl. 

 

2.5 Lead and Cognitive Abilities 

2.5.1 Background 

The research literature on the effects of body lead burden on children�s cognitive 

abilities has been dominated by studies in which the main outcome variable has been 
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global cognitive development, usually measured using IQ or global cognitive ability tests.  

Cognitive abilities have been measured in these studies using a handful of well-normed 

and standardised tests of cognitive development and abilities.   

 

When the children are quite young (from a few months to 21/2 years) one of the 

most widely used tests of cognitive development is the Bayley�s Scales of Infant 

Development.  This test yields a Mental Development Index (MDI) and a Psychomotor 

Development Index (PDI).  For older children ( 3 � 6 years) the McCarthy Scales of 

Children�s Abilities has been used.  This scale yields a Global Cognitive Index (GCI), a 

Motor Scale, a Memory Scale, and number of subscale scores.  Some prospective studies 

have instead used the Stanford Binet or the Kaufman Scales of Children�s Abilities at 

these ages.  Both of these scales are suitable for young children, are similar in format, and 

yield standardised scores similar to those from the Weschler scales.  Finally, between 

ages of 3 and 16 the Weschler Preschool and Primary Scales of Intelligence (WPPSI) and 

the Weschler Intelligence Scales for Children (WISC) have been used.  Both of the 

Weschler scales yield a number of subscale scores and Verbal, Performance and Full 

Scale IQ scores.  

 

This review will consider, first, the cross-sectional studies of the effects of lead 

exposure on IQ and behaviour, followed by investigations using a prospective 

methodology.  The cross-sectional studies will be divided into those which have used 

selected, or clinically indicated samples, random samples, and �extended� cross-sectional 

studies, where one or more follow-up assessments have been conducted. 
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Cross-sectional Studies 

Cross-sectional studies are not able to answer the question of causality in 

epidemiological research.  However, they can reveal associations between PbB and the 

general cognitive abilities of children.  Early cross-sectional studies tended to either 

match high-lead children with a group of low-lead controls, or research samples known to 

be exposed to high levels of environmental lead.  Other studies investigated the effects of 

lead as part of larger, epidemiological studies. 

 

2.5.2 Selected or Clinically Indicated Samples 

Some of the earliest studies of the effects of lead, examined groups known to have 

high levels of lead exposure and compared them with a group of matched, low-lead 

controls.  For example, Needleman et al. (1979) compared the IQ scores of 58 high-PbD 

and 100 low-PbD children.  The results of this research indicated IQ scores were lower 

for high-PbD children, and that the frequency of disruptive behaviour increased in a dose-

related fashion to PbD.  However, pregnancy, peri-natal, delivery, and early post-natal 

lead measures were not taken.  

 

Lansdown, Yule, Urbanowicz, and Hunter (1986) conducted a study that evolved 

from the Yule, Lansdown, Millar, and Urbanowicz (1981) study.  The Lansdown et al. 

study of 80 elevated lead children and 80 controls from London, found no significant 

relationship between blood lead and WISC-R scores, after control for SES and age.  
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Similarly, Ernhart, Lander, and Wolf (1985) in their re-analysis of data from an earlier 

study found no significant lead effect in 40 children with elevated blood lead compared to 

40 controls, after adjustment for parental IQ, perinatal and parental factors as potential 

confounders. 

 

Other early studies examined the effects of lead by researching a sample of 

children either known to have high lead, or to be at increased risk of lead exposure.  Yule 

et al. (1981) conducted a small cross-sectional study of children who lived near a 

leadworks in London, ostensibly as a pilot to a much larger study.  Data from the 166 

children in this study indicated lead accounted for between 2.5 and 4.5% of the variance 

in IQ scores.  However, aside from SES, this study failed to control adequately for other 

potential confounders (eg maternal IQ, home environment etc). 

 

Fulton et al. (1987) conducted a large cross-sectional study of 6 to 9 year olds in 

Edinburgh.  For children in this city, the major source of lead was from leaded water 

pipes.  509 children were chosen from a stratified sample of 855 children from whom 

PbB levels were measured.  The authors used four subscales from the British Ability 

Scales (BAS) as their measure of global cognitive ability.  The multiple regression 

analyses showed a small negative relationship between PbB and subscales of the BAS, 

after 33 potential confounding factors were taken into account.  With the other covariates 

accounting for 46% of the variance in the BAS, lead accounted for about 2% of unique 

variance in BAS scores (Raab, et al., 1990). 
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These early studies of at risk, or high exposed samples, with few exceptions, 

revealed a deleterious effect of lead on children�s intellectual functioning.  However 

simply comparing a high exposure group to matched controls, whilst highlighting the 

effects of lead tends to limit the generalisabilty of these findings.  Consequently, a 

number of broad-based cross-sectional studies were conducted.   

 

2.5.3 Cross-sectional random sample 

Hawk et al. (1986) in their study of 75 children from low SES families, found a 

decrease of 2.55 IQ points for every increase of 10 ug/dl.  This effect remained 

significant after controlling for SES, parental IQ and HOME scores.  Silva et al. (1988) in 

their study of 579 children did not report PbB as they found that dentine lead levels were 

a better predictor of IQ in their regression analysis.  Whilst they did report and adjust for 

SES, they did not measure other covariates.  This study found a small, but significant, 

decrease of 1.5 IQ points for a change of PbB from 10 ug/dl to 20 ug/dl.  This is a 

relatively small effect size compared to other studies of similar design.  However, the 

lack of covariate adjustment somewhat compromises this study.  If the effect of 

adjustment for covariates in other studies is any indication (eg Fergusson et al., 1988), 

this small effect may no longer be significant after adjustment for covariates. 

 

Schroeder, Hawk, Otto, Mushak, and Hicks (1985) using the Bayley Scales and 

the Stanford Binet as measures of cognitive development, found a significant relationship 

between PbB and Bayley and Stanford Binet test scores in their sample of 109 children.  

 25



Unfortunately, they only controlled for SES, overlooking other covariates known to 

attenuate the observed effects of lead on mental development. 

 

In Winneke�s (1983b), study, 115 of the enrolled 317 children were classified as 

either �low�, �moderate� or �high� on the basis of their tooth lead levels.  Data analysis 

revealed a deficit of 4.6 IQ points between the low and high lead groups after control for 

confounders.  Although not reaching significance, the authors labelled this a borderline 

association between tooth lead and IQ. 

 

Harvey, Hamlin, Kumar, and Delves (1984) conducted a study of 187 children of 

two age groups, 2.5 years and 5.5 years.  These children were tested on a variety of tests 

including four scales from the BAS and the psychomotor tests from the Stanford-Binet.  

Their initial analysis suggested a small significant association between blood lead and IQ.  

However, after controlling for maternal IQ and SES, this was found to be no longer 

significant.  The authors of this study noted some serious problems.  A large number of 

the sample were excluded from the regression analysis due to missing data, and �nearly a 

third of the children could not complete enough tests for the IQ to be computed� (1984, p. 

57), and hence, were also lost to the analyses.  Finally, the age groupings raise questions 

as to why these two age groups were chosen, and why analyses for only the total sample 

and not each of the two age groups was carried out and reported. 

 

Harvey, Hamlin, Kumar, and Spurgeon (1988) conducted a cross-sectional study 

of 201 children in the inner city area of Birmingham (UK).  In this study the children 
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were assessed at 5.5 years of age.  A variety of assessment tasks were administered, 

including reaction time, vigilance performance, Weschler Preschool and Primary Scales 

of Intelligence (WIPPSI), the Retian Indiana Battery, and the Bender Visual Motor 

Gestalt test.  The vocabulary, sentences, animal house and block design subtests of the 

WPPSI, and the continuous performance test, were also administered.  Blood lead was 

measured via a single venous sample.  After statistically controlling for covariates, the 

authors concluded there was a �somewhat inconsistent association between PbB and 

some aspects of performance and motor behaviour� (p. 152). 

 

Unfortunately, this study does not report the range or mean PbB levels of their 

sample.  Combined with two changes of testers, only one PbB level and unclear 

recruitment measures, (in which 201 subjects were obtained from a list of 1218 names, 

many by default because they were the only families that hadn�t changed place of 

residence and agreed to participate) these factors seriously compromise the findings and 

conclusions of this study. 

 

These cross sectional studies provide qualified support for a relationship between 

blood lead and IQ.  Yet in some studies the effect is not strong (Harvey et al., 1988; Silva 

et al., 1988; Winneke, 1983b), others have not adequately controlled for confounders 

(Schroeder et al., 1985; Silva et al., 1988) and others have reported no effect after control 

for confounders (Harvey et al., 1984). 
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2.5.4 Cross-sectional, Extended 

Needleman et al. (1990) reported an 11-year follow-up of 132 young adults 

originally studied at age 7 years (Needleman et al., 1979).  In this study, the children�s 

recent academic and test performance was related to dentine lead measured 11 years 

earlier.  The results showed that at age 18 years, children with elevated lead level early in 

life, showed long-term consequences of this exposure.  The children with moderately 

elevated levels of PbB had higher rates of educational failure, reading difficulties, longer 

reaction times, lower vocabulary scores, poorer eye-hand coordination, and lower 

grammatical reasoning scores.  This effect persisted after control for potential 

confounding factors.  

 

Hatzakis et al. (1987) reported a study of 509 children living near a lead smelter 

in Greece.  These children were of primary school age and had a mean PbB of 23.7 ug/dl.  

In 1983, venous blood lead and a number of SES and anthropometric measures were 

collected.  In 1985, the children were tested with the WISC-R.  In addition, reaction time 

and attentional performance tests were conducted  (the results of these last 2 tests will be 

reported later in this chapter).  After controlling after for 24 potential confounders, they 

reported that �the full scale IQ difference between �high lead� and �low lead� children 

�was 9.1 units and is one of the highest reported� (p. 208).  The results across each of 

the WISC-R subtests were fairly consistent with most reaching significance, and the 

�verbal and the performance parts of the WISC-R were, almost, equally, associated with 

the PbB levels� (p. 206). 
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The Christchurch Study (Fergusson, Fergusson, Horwood, & Kinzett, 1988a; 

Fergusson, Fergusson, Horwood, & Kinzett, 1988b; Fergusson, Horwood, Shannon, & 

Lawton, 1989; Fergusson, Kinzett, Fergusson, & Horwood, 1989; Fergusson & Horwood, 

1993; Fergusson, Horwood, & Lynskey, 1993) was essentially a prospective study of 

children�s health, which, after 6-8 years, started to investigate the effects of lead on child 

development.  With respect to lead, the study has the characteristics of both a cross-

sectional and a prospective study.  It is included in this section as no prenatal, perinatal or 

postnatal lead data, and no behavioural, or cognitive-developmental data collected until 

the children reached the age of 6 years.  Lead was measured from deciduous teeth shed 

by the children between 6 to 9 years of age.  The lead levels for this sample were quite 

low, with a mean of about 6 ppm. 

 

Fergusson et al. (1988) collected the deciduous incisors of 1,020 New Zealand 

children between the ages of 6 to 9 years, from a total study sample of 1,265.  IQ was 

measured using the WISC-R.  Potential confounders used in the analysis were maternal 

educational level, family socioeconomic status, family living standards, family size, 

HOME, gender and birthweight.  Their results showed a significant association between 

dentine lead levels and WISC-R scores.  For all measures of IQ at age 8 and 9 years, the 

association between IQ and PbD was no longer significant after controlling for 

covariates.  After adjusting for confounding variables, children with dentine lead levels of 

above 4 ppm had mean reading scores which were consistently 3 points below those 

children with the lowest dentine lead levels. 
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A 5-year follow-up study (Fergusson & Horwood, 1993; Fergusson, Horwood, & 

Lynskey, 1993) was conducted on 636 of the original sample when the children reached 

11-13 years.  Again, lead was measured using dentine levels from deciduous teeth shed 

between 6-8 years.  The study showed children with mildly elevated PbD levels had 

higher rates of academic under-achievement and were more prone to attention deficit 

behaviour than children with low lead levels.  These associations, although reduced, 

persisted after control for measurement error and potential confounders.  

 

Further analyses from this series of studies indicated elevated lead levels in 

children were associated with a set-back, which persisted throughout the 4 years of the 

study (Fergusson & Horwood, 1993; Fergusson et al., 1993).  There was no evidence that 

the performance of these children caught up, or conversely deteriorated over time in 

relation to those children with the lowest lead levels.  Although the statistical differences 

were small, these differences translated into large reading delays of between 4 to 6 

months.  This affirms Needleman, Leviton, and Bellinger�s (1982) argument that small 

statistical differences can translate into large developmental differences. 

 

However, waiting until 6 years of age to investigate the effects of lead, and having 

only one measure of lead exposure (shed deciduous teeth), presents a serious limitation of 

this study.  Nonetheless, the Christchurch Study is impressive in terms of the total 

number of children in the cohort, the small attrition rate and the frequency and number of 

developmental and health measures.  In a review of their findings, Fergusson, Horwood, 

Shannon, and Lawton (1989) concluded the �weight of evidence from this study is clearly 
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consistent with the view that, at low levels of exposure, lead has small but detectable 

effects on children� (p. 310).  

 

Summary 

Whilst suggestive, the data from the cross-sectional studies are far from consistent 

or unanimous in proposing a direct inverse relationship between PbB and children�s 

cognitive abilities.  Yet when the results are considered by the type of cross-sectional 

study, a pattern begins to emerge.  Most initial studies of high lead children have tended 

to show a significant relationship between lead and IQ measures (Fulton et al., 1988; 

Hatzakis et al., 1987; Needleman et al., 1979; Raab et al., 1990; Yule et al., 1981; Yule et 

al., 1986).  The results of other general community sampled cross-sectional studies were 

not as consistent.  By and large they either found no significant relationship between lead 

exposure and IQ measures (Harvey et al., 1987; Winneke et al., 1983) or a small 

significant relationship, which could possibly disappear if covariates had been considered 

(Silva et al., 1988; Harvey et al., 1988; Schroeder et al., 1985).  On the other hand, better 

designed, and extended cross-sectional studies have mostly reported a significant 

relationship between body lead burden and IQ (Fergusson et al., 1988a; Fergusson et al., 

1988b; Fergusson et al., 1989a; Fergusson et al., 1989b; Fergusson & Horwood, 1993; 

Fergusson et al., 1993; Fulton et al., 1988; Hatzakis et al., 1987; Needleman et al., 1990). 

 

Apart from the inherent limits of cross-sectional design in providing answers to 

this sort of epidemiological question, many studies have been plagued by methodological 

shortcomings.  These included poor sampling methodology, lack of control for 
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confounders (Silva et al., 1985; Yule et al., 1981), and poor choice of cognitive and 

developmental measures (Fulton et al., 1987; Raab et al., 1990).    

 

Nevertheless, it appears that if the focus is placed on at risk groups and well-

designed studies, the case for the deleterious effects of lead on IQ is quite strong.  This is 

illustrated by the results of the Needleman and Gatsonis (1990) meta-analysis of Medline 

studies published up until 1990.  This meta-analysis excluded studies with obvious design 

flaws.  Of the 24 reviewed studies, 12 were excluded from the analysis due to inadequate 

control for confounders or other methodological flaws.  Of the remaining 12 studies, 7 

used blood lead as their measure of exposure and 5 used dentine lead.  Needleman and 

Gatsonis concluded that their meta-analysis provided evidence �for a strong link between 

low-dose lead exposure and intellectual deficit in children� (p. 677).  Further, they noted 

that 26 null results studies for the tooth lead group, and 67 null result studies for the 

blood lead group would be necessary to bring the overall p level to greater than .05.  

Overall, the results of these cross-sectional studies indicate a small, significant decrement 

in IQ associated with lead levels likely to be found in the general population.  Further, the 

consistent findings across levels of lead exposure indicate a continuum of influence, 

rather than a threshold effect of lead on children�s cognitive abilities. 

 

Perhaps the major shortcoming of all cross-sectional studies centres on the 

measurement of body lead burden.  A single blood lead measure only gives an estimate of 

concurrent lead exposure.  It is possible for 2 children with identical blood leads at 7 

years of age, to have very different histories of lead exposure.  The extent of lead 
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exposure during a particular, developmentally sensitive period, may have been vastly 

different for each of these children.  Primate studies (Bushnell & Bowman, 1979b; Rice, 

1992) have demonstrated how monkeys exposed to lead only early in life demonstrated 

learning impairments years later.  At this later time, the measured blood leads of the 

�treated� and �untreated� monkeys were virtually identical.  If lead levels are measured 

only in later childhood the true extent and history of the lead exposure may be missed, 

and the likelihood of detecting a significant statistical association between blood lead and 

cognitive abilities at this later time may be minimized. 

 

Available evidence suggests that when the primary source of lead is exposure to 

lead-containing dirt or dust, childhood PbB peaks at around 2 years of age (National 

Center for Health Statistics, 1984; McMichael, Baghurst, Robertson, Vimpani, & Wigg, 

1985).  This would suggest a maximum exposure to environmental lead in children 

occurs around the second year of life.  This period of maximum exposure coincides with 

a time of rapid growth and development of the central nervous system.  Unfortunately, 

most all the cross-sectional studies published have been of school-age children or older, 

thus missing this critical early childhood period.  In the few cross-sectional studies of 

much younger children, only one study examined children under the age of 3 years 

(Fergusson et al., 1987, 2.5 years) and this study did not gather or analyse lead exposure 

data from this preschool-age group. 
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2.5.5 Prospective Studies 

Prospective studies are able to overcome a number of the methodological 

problems of cross-sectional research.  They are able to gather information (including 

maternal blood lead) during gestation, and collect multiple measures of blood lead 

exposure across time and tissue type.  They are also able to prospectively measure 

potential confounders such birth history, SES, prenatal and post-natal health, and other 

factors known to influence cognitive development of children. 

 

Prospective studies are also able to address issues of time precedence so important 

for establishing causality.  These studies are able to include measures of blood lead from 

pregnancy, birth, and, postnatally, at various intervals throughout the child�s life.  In 

addition, a number of factors thought to affect child development can be also measured 

prospectively.  The prenatal and antenatal factors include health during pregnancy, 

smoking during pregnancy, gestational age at birth, birth outcome, and birth 

complications.  Postnatally, the child�s health, other anthropometric data, the quality of 

the home environment, diet, SES, changes in SES, family status, place of residence and 

other variables can be measured.  The advantage of prospective studies is that these can 

be measured, and changes in each of these variables can be recorded as they occur.  In 

addition, at the time these measures are taken the researchers are blind both to the 

outcome measures, and to the child�s blood lead burden. 

 

There are demonstrated critical periods of cognitive development due to the 

neurogenesis of certain cell populations at different times (Fergusson & Slikker, 1999).  
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Furthermore, as the human organism has different natural detoxification capabilities at 

different ages (Barone, 2000), it therefore has different levels of developmental 

vulnerability of nervous system (Barone, 1999) at these ages.  Prospective studies can 

measure and account for these variables, whereas most cross-sectional studies rely on Pb 

measures made at one point in time and, at best, retrospective accounts of other variables. 

 

Five main prospective studies have investigated the effects of early childhood 

exposure to environmental lead: The Cincinnati Study, the Boston Study, the Kosovo 

Study, The Cleveland Study and the Port Pirie Study.  The first 4 of these studies will 

now be reviewed.  The Port Pirie Cohort Study will be discussed in Chapter Three. 

 

The Boston Cohort Study 

Needleman, Stiles, and Bellinger�s (1984) Boston Study was one of the first 

longitudinal studies in the world to investigate the effects of lead on early childhood 

development.  The Boston Study sample was selected on the basis of umbilical cord PbB.  

These children were subsequently assessed at 6, 12, 18, 24, 57 and 120 months.  Of the 

original sample of 249 recruited at birth, 169 were tested at 57 months, and 148 children 

were tested at age 10 years.  The children in this study had relatively low PbB levels 

(average 6.5 ug/dl).  At 24 months (when blood lead usually peaks), 90% of the sample 

had blood lead levels below 13 ug/dl. 

 

At 6 and 12 months, scores of the MDI of the Bayley's were significantly 

associated with umbilical cord blood, but not post natal PbB�s (Bellinger, Leviton, 
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Needleman, Waternaux, & Rabinowitz, 1986).  However, later reports by the same group 

indicated that this association was dependant on social class (Bellinger, Leviton, 

Waternaux, Needleman, & Rabinowitz, 1987), with mid and high PbB being significantly 

associated with MDI only in the lower social class.  Paradoxically, the slope of the 

gradient was steeper in the higher social class.  At 24 months, the MDI scores were 

significantly associated with umbilical cord blood, but not prior or current PbB (Bellinger 

et al., 1987). 

 

At 57 months (Bellinger et al., 1991) an association was found between McCarthy 

GCI scores and 24 month PbB of the 170 children tested at this age.  At the last major 

testing period, at age 10 years, the general cognitive development of 148 children was 

assessed using the WISC-R (Stiles & Bellinger, 1993).  The authors found that WISC-R 

Full Scale and Verbal IQ scores were inversely related to PbB, and this relationship 

remained statistically significant after adjustment for potential covariates.  The 

performance deficits on the WISC-R were striking, with a decline of nearly 6 points on 

the Full Scale IQ for every 10 ug/dl increase in PbB.  In addition to Full Scale IQ scores, 

Bellinger, Stiles, and Needleman (1992) investigated the associations between lead and 

the 3 factors commonly found in factor analysis of the WISC-R: Verbal Comprehension, 

Perceptual Organisation, and Freedom from Distractability.  Using this analysis, PbB at 

age 24 months was inversely associated with scores on the Freedom from Distractability 

factor.   
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The measures taken at age 10 (Stiles & Bellinger, 1993) in the Boston study also 

included a number of neurological, and achievement tests such as the Beery Test of 

Visual Motor Integration (Beery VMI, The Kaufman Test of Intellectual Achievement, 

The Wisconsin Card Sorting Test (WCST), the California Verbal Learning Test for 

Children, the Rey-Osterrieth Complex Figure Test, the finger tapping and the pegboard 

test.  The results of these tests will be discussed later in this chapter, when specific skills 

and abilities in lead research are considered.  

 

This study has consistently reported the deleterious effects of lead on children�s 

intellectual development. Compared to other prospective studies, the Boston children 

were of higher socioeconomic status and at lower risk of developmental handicap.  The 

children from the Boston Cohort also show relatively low levels of lead exposure.  

Nonetheless, the deleterious effects of lead on intellectual development are consistently 

observed.  These findings suggest two important implications.  First, that the deleterious 

effects of lead can be observed at relatively low levels of lead exposure.  Second, that 

high SES groups, by providing samples relatively free of other developmental insults, 

may indeed provide greater opportunity to detect lead-related differences in test 

performances. 

 

The Cincinnati Study 

A particular focus of the Cincinnati Cohort study was on a high risk (of poor 

developmental outcomes), low SES, and high level of lead exposure group, from a region 
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of the city of Cincinnati designated as a lead-hazardous area (Bornschein et al., 1985).  

As such, this sample provides a nice counterpoint for the Boston Cohort Study. 

 

Early results from the Cincinnati Cohort Study indicated a significant association 

between prenatal and neonatal lead, and the MDI of the Bayley�s of 305 children at age 3 

and 6 months (Dietrich et al., 1986; Dietrich et al., 1987).  However a �restricted� 

analysis of subjects with all PbB and Bayley�s assessment (n=67) found no significant 

relationship between lifetime PbB and MDI at age 12 months (Dietrich et al., 1985).  This 

was also the case with the 24 month Bayley�s assessment (Dietrich et al., 1990) of the 

entire sample (n=297). 

 

Dietrich, Succop, Berger, Hammond, and Bornschein (1991) later reported the 

results of their investigation into the cognitive effects of blood lead on 4-year-old 

children.  In this study, they assessed 263 of the 302 children originally recruited into the 

study.  The known covariates of lead exposure such as social class, Home Observation 

and Measurement of the Environment (HOME), maternal intelligence, educational 

attainment of caregivers, number of adults at home, and number of children at home, 

were measured and included in the analyses.  The primary measure of cognitive ability 

used in this study was the Kaufman-Assessment Battery for Children (Kaufman-ABC).  

This scale yields a Mental Processing Composite Score (MPC), a Sequential Processing 

Standard Score (SEQ), a Simultaneous Processing Standard Score (SIM), a Nonverbal 

Standard Score (NONVB) and an Achievement Standard Score (ACHIV).  A significant 

relationship between each of these scores and PbB was found before the covariates were 
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taken into account.  However, after the developmental covariates were included in the 

analysis, this association held up only for the poorest families, and only the SIM score 

was found to be statistically significant for the entire sample.  After control for 

confounders the authors found �the strongest associations between postnatal Pb exposure 

variables and K-ABC performance were observed for the SIM subscale� (p. 210).  (The 

SIM subtests challenge the child to assimilate information all at once and to solve 

problems by integrating separate but related pieces of information into a cohesive pattern.  

It broadly attempts to assess perceptual-integrative and visual-motor behaviours.)   

 

The Cincinnati team (Dietrich, Succop, Berger, & Keith, 1992) revisited and 

reassessed the Cincinnati cohort when the children were about 5 years of age.  In this 

study, 215 of the original 302 subjects were assessed.  Cognitive function was reassessed 

using the Kaufman-ABC.  The results obtained were similar to those reported at 4 years 

(Dietrich et al., 1991), with performance on the Kaufman-ABC significantly inversely 

related to postnatal PbB scores at age 2 years and after.  However, once again, after 

adjusting for the relevant developmental covariates, most of the Kaufman ABC subscales 

only approached significance.  Again, the only significant association with PbB, after 

control for covariates, was with the SIM scores.   

 

The children in the Cincinnati study were re-assessed at approximately 6.5 years 

of age with the WISC-R (Dietrich, Berger, Succop, Hammond, & Bornschein, 1993a).  

The unadjusted regression coefficients revealed nearly every PbB measure was 

significantly inversely related to Performance IQ scores.  The Full Scale IQ scores were 
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significantly related to PbB levels taken at 3, 4, 5, and 6 years, and to lifetime average 

exposure.  After the regression coefficients were covariate adjusted for HOME score, 

maternal IQ, birth weight, birth length, child sex, and cigarette consumption during 

pregnancy, postnatal PbB levels continued to be significantly associated with lower 

Performance IQ scores.  In addition, Full scale IQ scores were inversely related to PbB 

levels at age 5 and 6 years.   

 

The Cincinnati study presents an interesting pattern of results in a sample of 

moderate exposure and a high level of social disadvantage.  At the earliest ages (12 and 

24 months) not effect was observed, yet at 31/2 years of age a significant association was 

found between pre and neonatal lead and intellectual development.  Later, at 4 and 5 

years of age again significant associations were not observed between lead exposure and 

IQ scores.  However at this age the study used a different test of intellectual functioning 

than the other studies.  At age 6.5 years using the WISC (like the other prospective 

studies) significant associations were found. 

 

This pattern of results at age 6.5 years is different to that found with the same 

cohort at age 4 and 5 years.  Yet it is similar to that reported by the Boston study for 

children of the same age (6 to 7 years).  The most immediately obvious explanation for 

this difference was the use of different tests of cognitive abilities.  At ages 4 and 5 the 

Cincinnati Study used the Kaufman-ABC, whereas the Boston Study used the McCarthy 

Scales of Children�s Abilities.  Whilst these tests appear very similar in content and 

administration, other studies using the McCarthy�s in lead research, (Baghurst et al., 
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1987; Moore et al., 1989; Wasserman et al., 1993) have detected lead effects whereas 

studies using a different test have not (Dietrich et al., 1991; Dietrich et al., 1992; Ernhart 

et al., 1989).  At ages 6 and 7 years, both the Boston and Cincinnati studies assessed 

children using the WISC, and reported similar results. 

 

This study illustrates some important points.  First it shows the persistence of the 

effects of exposure to lead on children, with differences in test performance not evident at 

one age, becoming evident at a later age.  It may also highlight the difficulty of detecting 

lead effects in a lower SES sample where a constellation of social disadvantage and 

deprivation may make the detection of lead-induced changes in test performance more 

difficult to detect.  Finally, it may also illustrate the varying sensitivity to the effects of 

lead of different tests of cognitive development. 

 

The Cleveland Cohort Study 

The Cleveland Cohort Study investigated the effects of maternal alcohol abuse on 

children.  It did this by comparing a sample of mothers with a history of alcohol abuse 

with a group of matched (on smoking) controls (Ernhart, Morrow-Tlucak, Marler, & 

Wolf, 1987; Ernhart, Morrow-Tulak, & Wolf, 1988).  This study also investigated the 

effects of lead on children�s behavioural and cognitive development.   

 

At 3 years of age, PbB data for one or more of the sampling times (6, 24 and 36 

months) of 285 children were available.  Cognitive development was measured at 6 

months (using the Bayley�s PDI and MDI), at 12 and 24 months (using the Bayley�s MDI 
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only), and at 3 years (using the Stanford-Binet).  The authors of this study report that only 

in 4 of the relevant 21 analyses, did the lead effects hypotheses reach significance, and 1 

of these 4 significant findings was in the reverse direction to that hypothesised.  

 

In a later study conducted by Ernhart, Morrow-Tlucak, Wolf, Super, and Drotar 

(1989), WPPSI assessments conducted on 242 children at about the age of 4 to 5 years 

(average age 4 years and 10 months) found little, or a positive, association between lead 

and IQ, suggesting that lead exposure either had no effect or was actually mildly good for 

children!  The confounders included were maternal IQ, maternal Peabody Picture 

Vocabulary Test, HOME score, maternal education, race and socioeconomic status.  In 

addition to this, the researchers devised and administered scales to attempt to measure 

and control for history of medical problems and history of psychosocial stress. 

 

The conclusions from this study gave no support to the notion that low level lead 

exposure in foetal and early preschool years has a deleterious effect on intelligence in the 

late preschool period.  Further, the researchers stated that �considered altogether we see 

no impediments to the inference of little or no effect implied in the tables of results� (p. 

169).  It is unclear how the researchers analysed their results in this study, as they 

reported 242 full-scale IQ measures on the children, but only 122, 149 and 155 PbB�s at 6 

months, 2, and 3, years respectively.  Yet they claim �with extensive effort the cohort 

size was retained at 74% at the last examination� (Ernhart, Morrow-Tlucak, & Wolf, 

1988, p. 168).  The researchers also only reported 135 and 118 maternal and cord blood 

measurements, and 135 of a possible 242 maternal IQ measurements.   
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However, many issues should be considered with respect to this project.  First, the 

funding of the research has been called into question, with the major funding body (The 

International Lead and Zinc Research Organisation) being a lead industry funded body.  

The second issue is related to the data analysis.  There seems to be some confusion or at 

least omissions in the protocols used for the data analysis and the selection of the sample 

at the various sampling points.  This does make it difficult, if not impossible, to make an 

informed judgement as to the adequacy of the methodology and data analysis.  More 

problems with Ernhart et al.�s (1988) research become evident with closer analysis.  The 

sampling seems particularly questionable.  They chose �women with problems associated 

with alcohol use� (Ernhart et al., 1988, p. 168) and a sample matched on smoking.  The 

rationale for this sampling procedure is not made clear.  Finally, the children in the 

sample had a reported mean IQ of 87, almost a full standard deviation below the mean for 

the general population.  Low SES and lower intelligence have been shown to mask the 

effects of PbB on children�s cognitive development (Schwartz, 1993).  Thus, this general 

developmental deficit may mask the effect of PbB on children�s cognitive development.  

Further, the negative factors in general environmental and biological history of a child - 

such as having a mother with an alcohol problem or a heavy smoker, as in the Cleveland 

Cohort � can have a detrimental effect on the development of children�s cognitive 

abilities.  These factors may also mask the true effect of chronic lead exposure in this 

sample.   
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In sum, although Ernhart et al. have been outspoken critics of the results of many 

lead research studies, the constellation of design and analysis issues with this research 

program necessitate that the results and conclusions from this work be viewed with 

considerable caution. 

 

The Yugoslavia Cohort Study 

The Yugoslavia Cohort study is the most recent prospective study investigating 

the effects of lead on child development in the world (Wasserman et al., 1992).  This 

study was conducted across two towns in the province of Kosovo, Yugoslavia: 

Kosovoska, the site of a lead smelter, refinery and battery plant, and Pristina, a non lead-

exposed town 25 miles to the south.  The sample comprised 1,502 pregnant women, from 

whom 1,008 maternal and umbilical cord blood measures were obtained at delivery. 

 

Blood leads were collected mid-pregnancy, at delivery and at each post-natal 

follow-up visit.  The blood samples were taken to Columbia University, New York, for 

analysis and measurement of the lead burden. 

 

706 infants (for whom complete data pregnancy and delivery data sets were 

available) from both towns were invited to participate in this study.  Of these, 541 

consented.  Development was assessed using the Bayley Scales of Infant Development at 

6, 12, 18 and 24 months of age.  At 2 years of age, 392 children were assessed using the 

Bayley�s.  The mean PbB was 35.5 ug/dl for the exposed group, and 8.4 ug/dl for the 

non-exposed group.  Wasserman et al. (1992) reported a significant inverse relationship 
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between post-natal PbB measures and scores on the 24 month Bayley�s MDI.  However, 

compared to other relevant social factors, the relative effect of lead was small, accounting 

for about 1% of the total variance in Bayley�s scores. 

 

Wasserman et al. (1994) reported the results of the 4-year assessment measures 

from this cohort.  Of the original sample, 388 participated in the 3-year assessment, and 

332 of the sample participated in the 4-year-old assessment.  At the 4-year assessment, an 

Albanian and Serbian version of the MSCA were administered.  Similarly, an adapted 

version of the HOME was administered at age 4.  Maternal intelligence was assessed 

using the Ravens Standard Progressive Matrices. 

 

The mean PbB for the exposed children at age 4 was 39.9 ug/dl.  This is an 

extremely high level of exposure for the �lead� group compared to the Boston Study 

(13.1 ug/dl), the Port Pirie Study (21 ug/dl) and the Cincinnati study (18 ug/dl).   In the 

non-exposed town, the mean lead level was 9.6 ug/dl.  After controlling for confounders, 

the researchers found significant associations between PbB and all 5 subscales of the 

MSCA.  These were similar to the results obtained for the GCI at age 3 for this sample, 

although the reported magnitude of the effect was greater at 5 years of age. 

 

When the children were 7 years of age, the WISC-III was administered to 309 

children, 261 of whom had complete intelligence, blood lead and socio-demographic data 

(Wasserman et al., 1997).  After control for relevant confounders, PbB was significantly 

related to WISC-III, Full Scale, Verbal Scale and Performance Scale IQ scores, 
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accounting for between 2.8 - 4.2% of the variance in IQ.  PbB was also significantly 

related to Freedom from Distractability, Perceptual Organisation and Verbal 

Comprehension Index scores of the WISC-III. 

 

Testing the children when they reached the age 7 years, was difficult in this study, 

due to ethnic strife in the region.  Subsequent ethnic cleansing, war and displacement 

have made continuation of this study impossible.  However, based on data collected up 

until then, the authors concluded that their study �supports the conclusion that continuing 

lead exposure is associated with cumulative losses in cognitive functioning during the 

preschool years� (Wasserman et al., 1994, p. 239).  This is consistent with the results 

from the Boston, Port Pirie and Cincinnati studies.  

 

Other Prospective Studies 

Other prospective studies on the effects of lead on children�s� cognitive abilities 

have also been conducted.  However, these have been more limited, with respect to 

sample size, number of variables measured, and/or duration.  The results of these studies 

are briefly reviewed below. 

 

Glasgow Study. 

The major source of lead in this study was the lead in water pipes.  In this study 

(Moore, Bushnell, & Goldberg, 1989), 151 children from a total sample of 885 were 

monitored prospectively.  The children in this study were assessed using the Bayley�s 
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MDI, PDI and the Infant Behaviour Record at ages 12 and 24 months.  Three groups 

were categorised, low (<10 ug/dl), medium (15-25 ug/dl), or high (>30 ug/dl) on the basis 

of their lead levels.  These groups were matched for social class.  This study used 

maternal PbB and pica at age 1, 2, and 3 years, as their measures of lead exposure. 

 

The results from this study indicated a small direct inverse relationship between 

MDI and maternal PbB.  At age 4 years, 120 children were tested using the MSCA.  The 

results at this age indicated a small significant relationship between blood lead levels and 

performance scales and the Cognitive Index of the McCarthy�s.  Like the other 

prospective studies, they found the quality of the home environment, social class and 

birth weight accounted for much more variance in IQ and Mental Development Index 

scores than the measures of lead exposure. 

 

Sydney Study. 

In a 5-year prospective study funded by ILZRO (Cooney, Bell, McBride, & 

Carter 1989a) 318 children from the northern and southern suburbs of Sydney were 

recruited.  The authors reported the demographics of this sample to be similar to that of 

the Boston study.  The reported average blood lead levels were about 15 ug/dl at age 2 

years, and 10-12 ug/dl at age 4-5 years.  The children in this study were assessed using 

the Bayley�s MDI, PDI and the Infant Behaviour Record at ages 6, 12 and 24 months, 

and with the MSCA at ages 3 years and 5 years (Cooney et al., 1989a).  The mean 

maternal and cord blood levels were 9.1 and 8.1 ug/dl respectively. 
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At 12 and 24 months, no significant association between lifetime PbB or lagged 

blood lead and the MDI scores was reported.  Of the original cohort of 318, 215 and 202 

remained in the study at the end of 3 (McBride, Cooney, & Bell, 1987) and 5 years, 

respectively.  Again lifetime PbB was not significantly related to McCarthy�s scores 

except for a �marginal relationship between the average psychomotor score during the 

period and the average blood lead level during the same period� (Cooney & Bell, 1989, p. 

19).  The authors concluded, that taken together, normal ambient exposures (between 1-

25 ug/dl) at age 4-5 years do not lead to developmental deficits.   

 

In a later study (Cooney, Bell, McBride, & Carter, 1989b), a path analysis was 

reported on the data collected up until the children were 3 years of age.  Again they found 

�there is no evidence from any of the analyses to suggest that prenatal exposures to lead, 

which give rise to maternal and cord blood levels as found in this sample, are related 

either to mental and psychomotor development, or to changes in mental and psychomotor 

development from birth to three years� (p. 101).  One of the shortcomings of this study 

was its failure to report post-natal blood leads of the children. 

 

Mexico City Study 

The Mexico City Study recruited 502 women at 12 weeks gestation.  This sample 

resulted in 436 healthy women with normal pregnancies.  Blood leads were collected pre- 

and perinatally, and every 6 months from delivery until 54 months.  The children were 

assessed using the McCarthy Scales of Children's Abilities every 6 months from 36 
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months to 60 months.  Analysis was conducted on 112 children for who complete data 

sets for McCarthy scores existed.   

 

After controlling for a number of confounders (gender, HOME score,  birth 

weight, serial order of birth, mother�s education, family SES, and APGAR score at 5 

minutes) they reported significant negative relationship between blood lead (6-18 months 

and 24-36) months with McCarthy GCI scores.  With both lead indices (6-18 months and 

24-36) they noticed the inverse relationship with GCI significantly increased with age 

until 48 months.  From this data they concluded that the effect of postnatal blood lead on 

GCI of the McCathy�s is greatest about 1-3 years after exposure, and that 4 to 5 years is 

the period during which the effects of lead are most clearly manifest and these scales. 

 

Overview of Prospective Studies 

The Boston, Cincinnati, Yugoslavia, Glasgow and Mexico City prospective 

studies all found inverse correlations between post-natal blood lead levels and scores on 

the MSCA.  Many of these studies reported that the Perceptual-Performance sub-scale of 

the MSCA is especially sensitive to lead exposure. 

 

The early findings of children aged around 3-4 years from the Cincinnati Study 

(Dietrich et al., 1986; Dietrich et al., 1991) and the Ernhart studies (Ernhart et al., 1987; 

Ernhart et al., 1988; Ernhart et al., 1989) did not reveal the same relationships.  However, 

the primary source of lead exposure in both studies was from Pb-based paint and both 

studies did not use the MSCA at these ages.  Moreover, the extreme social deprivation of 
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both these samples (predominantly inner-city, single mothers with mean maternal IQ 

<75) may have masked possible subtle cognitive effects of PbB exposure.  Thus, it is 

possible that on mental development tests with very young children, children of the same 

age, but at different levels of development, in fact undertake a different test.  For 

example, due to the relatively few items in each scale and the strict discontinuation rules, 

children 1 SD above the mean, would complete a different suite of tasks than those 1 SD 

below the mean.  Whereas the Cincinnati and Cleveland study cohort were about 1 SD 

below the mean for children of their age, and the Port Pirie, and Boston Cohorts ½ and 1 

SD above the mean respectively. 

 

After 1991, the results of the Cincinnati Study were consistent with those from the 

Boston, Port Pirie, Yugoslavia, Glasgow and Mexico City studies.  This leaves the 

ILZRO funded, Cleveland and Sydney studies (Cooney & Bell, 1989; Ernhart et al., 

1985; Ernhart et al., 1987; Ernhart et al., 1989) alone amongst the prospective studies in 

concluding that there is not sufficient evidence to support PbB having a significant direct 

inverse relationship with children�s cognitive abilities.  As previously discussed, it is 

possible that the effects of low SES, low maternal IQ, (and low child IQ), the children 

being raised in an environment in which the child is exposed to numerous other factors 

(eg chronic maternal alcoholism,) associated with developmental delay, and high drop 

out rate, masked the effects of PbB on the performance of children on tests of cognitive 

abilities in the Cleveland study.  Reporting only the maternal and cord PbB�s presents a 

major limitation of the Sydney study. 
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Viewed together, however, the results of these prospective studies are strongly 

suggestive that increased exposure to lead results in developmental deficit, not just 

developmental delay.  Most of the prospective studies of lead conducted around the world 

have found results suggesting early lead exposure from 18 months to 3 years is associated 

with cumulative small, but significant losses in cognitive function. 

 

The results from these prospective studies also suggest that there may be no clear 

threshold below which an adverse effect on mental development does not occur.  As in 

other studies of health outcomes, one might expect that the negative effects of lead would 

be greatest in children from a deprived or low SES background.  In fact, the pattern of 

results from these studies suggest exactly the opposite pattern.  The effects of lead seem 

to be most evident at relatively low levels of exposure and in the higher SES groups. 
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2.6 Lead and Behaviour 

2.6.1 History 

In 1943, Byers and Lord reported that �inattention, restlessness and inaccurate 

work� (p. 481) were associated with the late effects of lead poisoning in children. Content 

analysis of the 20 case studies presented in the Byers and Lord paper, revealed that the 

most common adjectives used to describe the children�s behaviour were �irritable�, 

�impulsive�, �inattentive�, �cranky�, and �violent�.  This section will consider the 

research since that time into the effects non-symptomatic lead exposure on children�s 

behaviour.   

 

Byers and Lord (1943) also observed that academic difficulties in children with 

frank lead poisoning were largely attributable to behavioural problems such as 

distractability and poor impulse control, recording comments such as �bright, but restless 

and does not concentrate� (p. 482).  Later in this section, particular attention will be paid 

to those behaviours that might interfere with a child�s ability to complete IQ and other 

global cognitive ability tests.  Further, the links between these behaviours and the 

observed impairments to cognitive functioning associated with exposure to low to 

moderate levels of environmental lead (as outlined in the previous section) will be 

explored. 
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2.6.2 Clinical and At Risk Samples 

Few reports of the effects of non-symptomatic exposure to lead on children�s 

behaviour appeared until about a generation after the work of Byers and Lord (1943).  

Early studies of lead and behaviour focused on the clinical syndrome of hyperactivity.  

David, Hoffman, Sverd, and Clark (1977) described hyperactivity as a complex clinical 

syndrome characterised by �short attention span, low frustration tolerance, hyperactivity 

and poor impulse control� (p. 900).   

 

David, Clark, and Voeller�s (1972) study of 191 children classified (using the 

Conner�s scales and doctors� diagnoses) as hyperactive revealed these children had 

higher blood lead and urine lead levels than children classified in the normal range of 

behaviour.  They noted a direct association between blood lead and hyperactivity, 

inattention and disruptiveness.  In addition, data from their lead exposure questionnaire 

indicated that hyperactive children had a higher likelihood of a history of lead exposure, 

than controls.  In a later study, with 84 hyperactive children between 6 and 8 years, David 

et al. (1977) compared lead levels of hyperactive children from 4 different etiological 

categories (aetiology unknown, possible cause, probable cause, known cause).  They 

theorised that, if hyperactivity predisposed children to the acquisition of lead (a reverse 

causality model), then regardless of aetiology, all hyperactive children should be 

similarly leaded.  Their data lead them �to reject the notion that hyperactivity per se is 

responsible for the acquisition of high lead levels� (p. 405), and suggest that the increased 

rates of hyperactivity were the result of lead exposure. 
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Whilst David et al. (1972, 1977) identified hyperactive children and investigated 

their lead levels, Baloh, Sturm, Green, and Gleser (1975) identified high-lead children 

and investigated the incidence of hyperactivity in that sample.  Using this methodology, 

Baloh et al. found the incidence (45%) of hyperactive behaviour in high-lead children 

was significantly higher than that found in low-lead children (15%).  Using the same 

methodology, Rummo and Routh (1979) found higher levels of hyperactivity in 45 

children diagnosed with abnormally high lead levels (>40 ug/dl), than that found in a 

group of 45 matched, low-lead controls. 

 

In a much larger study comparing the behaviour of high-lead and low-lead 

children, Needleman et al. (1979) administered an 11-item, forced choice, behaviour 

questionnaire to the teachers of 2,146 children.  Dentine lead was used as the measure of 

lead exposure.  Analysis revealed that non-adaptive classroom behaviour increased in a 

dose response relationship to dentine lead.  In particular, teachers reported �increased 

distractability, increased prevalence of daydreaming, lack of persistence, inability to 

follow directions and lack of organisation in subjects with high lead levels� (p. 694).   

 

Hansen, Trillingsgaard, Beese, Lyngbye, and Grandjean (1987) classified 213 

children as high or low-lead on the basis of their dentine lead levels.  Assessment by a 

psychologist blind to the children�s lead levels, revealed the high-lead child performed 

worse on a test of attentional performance and on psychologists' ratings of behaviour.  

After controlling for SES and educational status of the mother, the results indicated that 
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on a test of attentional behaviour high lead children had fewer correct responses and 

made more errors. 

 

One of the more recent case control studies compared the bone lead levels of 194 

'adjudicated delinquents' with that of 146 non-delinquent controls (Needleman, 

McFarland, Ness, Fienberg & Tobin, 2002).  This study found that after control for a 

number of covariates such as race, parental education, and parental occupation, 

delinquents were four times more likely to have high bone lead levels (25 ppm) than 

controls.  This study found that for all participants bone lead levels were the second 

strongest risk factor for delinquency (after race).  When the sample was stratified by race, 

bone lead was only exceeded by single parent families as a risk factor for delinquency. 

 

These early studies focused on hyperactivity, or compared the behaviour of high 

and low-lead children in their investigations of lead-induced changes to children�s 

behaviour.  The consistent reports of a direct association between lead level and 

hyperactivity (short attention span, poor impulse control, and distractability) in these 

studies is remarkable.  However, these early studies were plagued by a number of design 

and methodological shortcomings, such as small sample size, the use of clinical samples, 

using convenience samples as controls, inadequate control for potential confounders and 

tendency to focus on clinical behavioural syndromes such as hyperactivity.  Nevertheless, 

they were important in identifying an association between behavioural disturbances and 

lead exposure, and highlighting the need for better, controlled studies into the relationship 

between lead exposure and children�s behaviour. 
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2.6.3 Cross-sectional Studies 

Considering the consistency of the findings from the clinical and selected sample 

studies, it is somewhat surprising that the research interest in this area seemed to diminish 

during the early 1980�s.  However, the mid 80�s saw the publication of results from a 

number of cross-sectional studies, and appeared to mark the beginning of renewed 

interest in the study of the effects of lead exposure on children�s behaviour.  These cross-

sectional studies will be considered by the method of lead exposure estimation: blood 

lead, dentine and tooth lead, umbilical lead, and bone lead. 

 

Blood Lead 

The results of cross-sectional studies using blood lead estimation, as the index of 

lead exposure are somewhat inconsistent.  Yule and Lansdown (1986) conducted one of 

the early studies in this new generation of studies, in London to apply the Needleman et 

al. (1979) behaviour rating scale to an English sample.  In addition to the Needleman 

questionnaire, the Conner�s Teacher Rating Scales and the Rutter Scale were also 

administered.  The results indicated that the lead levels in the 194 children were 

significantly related to the Conduct Problems, Inattention/Passive and Hyperactivity 

scales, but not to the Tension scale of the Conner�s Teacher Rating Scale.  Interestingly, 

they found no relationship between lead level and the �Overactivity� scale of the Rutter 

Questionnaire.  A follow-up study, conducted in Leeds with 302 children, found 

behaviour rating results similar to that from their first study.  Here again, significant 
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associations were found between lead and Conduct Problems, Impulsive/Hyperactive and 

the Inattention/Passive scales, but not the Tension scale of the Conner�s Teacher Rating 

Scale.  The authors concluded  

the behaviour rating and neuropsychological studies indicate that 'attention' and 

activity level may be affected by lead, but the influence of social and emotional 

factors on these relationships has still to be determined.  Further cross-sectional 

studies are unlikely to take this much further until we have better, more sensitive 

measures and more valid measures of neuropsychological functioning (p. 5). 

 

The Edinburgh study (Fulton et al., 1988; Raab et al., 1990; Thomson et al., 1989) 

was a large cross-sectional study of 509, 6 to 9 year-olds in Edinburgh.  In this sample 

the major source of lead was from leaded water pipes.  The behaviour of these children 

was assessed by teachers using the Rutter Behaviour Questionnaire.  Because a large 

number of children scored zero or very low values and this resulted in substantial skew in 

behaviour scores, a polychotomous regression technique was used to analyse the data.  

After controlling for covariates such as gender, maternal IQ, family structure, parent-

child communication and gestational age, the authors found PbB to be significantly 

associated with higher scores on the Total, Aggressive and Hyperactive problem scales of 

the Rutter Behaviour Questionnaire (Raab et al., 1990).  

 

Walkowiak et al. (1998) administered a battery of computerised tests to 384, 6-

year-old children.  One of these tests was a measure of sustained attention (Continuous 

Performance Test).  Their analysis revealed that, even after controlling for potential 
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covariates, these measures of sustained attention were negatively affected by lead 

exposure.  This was true both for �false positives� and frequency of misses.  Hatzakis et 

al. (1987) found similar results with a sample of 533 children from Laviron, Greece.  In 

this study, attentional performance was evaluated using the �intervals of delay� and the 

�Wiener Reaction Device� (Hunter et al., 1985) at different intervals of delay.  After 

control for 24 potential confounders they found the attentional performance of the 

children�was clearly associated with PbB.  Regression models using PbB as a 

categorical variable with 5 levels of exposure, indicated a dose-response effect with no 

evidence of any threshold. 

 

Sciarillo et al. (1992) found that children with two consecutive blood lead levels 

equal to or greater than 15ug/dl had significantly higher mean scores on the Child 

Behavior Checklist (Achenbach, 1984) than the children in the low exposure comparison 

group.  Similarly, more recent work by Mendelsohn et al. (1998) also found a 

relationship between low-level lead exposure and the behaviour of 3-year-old children.  

Unfortunately, neither of these two more recent studies controlled for potential 

confounders 

 

These studies have found a consistent relationship between blood lead measures 

and behavioural disturbances.  Particular behaviour changes noted included inattention 

(Hatzakis et al., 1985; Walkowiak et al., 1998; Yule & Lansdown, 1986), conduct 

problems (Thomson et al., 1989; Yule et al., 1984, Yule & Lansdown, 1986), and 
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impulsivity (Raab et al., 1990; Thomson et al., 1989; Scarily et al., 1992; Walkowiak et 

al., 1998).   

 

However, the finding of a significant relationship between blood lead and 

behaviour is not universal across cross-sectional studies.  For example, Schroeder et al. 

(1985) investigated the possible subtle deficits from PbB and the relationship between 

lead and hyperactivity.  The covariates considered in this study were SES (Hollingshead 

& Schroeder, 1985), maternal IQ, pica, quality of the home environment and age at 

exposure.  The researchers examined 104 children aged between 10 months and 61/2 

years.  This study used a form of hierarchical regression using a backward stepwise 

regression (Kleinbaum, Kupper, & Morgerstern, 1982), with lead being the last 

independent variable.  The only significant association found using this form of analysis 

was between SES and PbB.  A 5 year follow-up (Schroeder et al., 1990), with 50 of the 

original 104 participants, found the resultant simple correlation was of the same order of 

magnitude as the original study 5 years previously.  Once again, the regression analysis 

indicated none of the individual predictors , apart from SES, were significantly related to 

PbB. 

 

In sum, the results from cross-sectional studies using a single blood lead measure 

as the IV are far from consistent.  However, using a single measure of blood lead as the 

measure of environmental lead exposure can be problematic.  As previously discussed, 

the effects of early exposure to blood lead have been observed several years after body 

lead levels have returned to normal (Bushnell & Bowman, 1979a; Rice, 1985; Winneke 
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et al., 1989).  Conversely, a child with a high lead at time of testing, may have had a 

history of very low-level lead exposure throughout most of their early life.  This could, in 

part, explain the inconsistent pattern of results emerging from these early cross-sectional 

studies.  In order to overcome these problems, a number of studies have used dentine or 

tooth lead in an attempt to get a measure more reflective of lifetime lead exposure. 

 

Umbilical Cord, Dentine and Tooth Lead Studies 

Early work by Needleman et al. (1979) used dentine lead as its measure of lead 

exposure.  After collecting 2,316 teacher questionnaires, they tested the relationship 

between dentine lead and teacher ratings of behaviour.  In their analysis family structure, 

physical variables, past medical history and parental attitude scores were controlled.  The 

researchers reported an impairment in the ability to sustain attention of those subjects 

with high lead levels, and that the "frequency of negative teachers ratings increased for 

every item with increasing dentine lead level" (p. 693).  Needleman et al. found children 

with high dentine levels showed higher levels of teacher reported, impulsivity, 

daydreaming, persistence, distractability, and inability to follow simple directions.  

Needleman et al. (1990) conducted an 11-year follow-up of 132 children from the 

Needleman et al., 1979 study.  Using the lead content of shed teeth as the predictor 

variable, they found self-reported level of minor antisocial behaviour was correlated with 

dentine lead.  Teacher ratings of behaviour were not reported.   

 

Winneke (1983b), and Winneke and Kraemer (1984) reported a study of 115, 9-

year-old children, conducted in Stolberg, Germany.  Mothers and teachers of these 
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children rated the children with a scale designed �to rate concentration, endurance and 

distractability� (Winneke & Kraemer, 1984, p. 197).  Analysis revealed a significant 

relationship between tooth lead and the �is easily distracted�, �is restless�, and �keeps 

poking around and does not start his homework� items of the scale.  This relationship 

persisted after control for confounders.  A similar, although weaker, relationship was 

revealed from the teacher ratings of the children.  Winneke et al. (1983a) also conducted 

a larger study in Stolberg, of 458 children aged between 7 and 10 years.  Here mothers, 

teachers and psychologists were asked to complete a child behavioural questionnaire, 

similar to that described in Winneke and Kraemer�s (1984) study.  The teachers were also 

asked to complete an unpublished 62 item behavioural questionnaire, which focused on 

hyperactivity and distractability.  Whilst no significant relationship between PbT and 

total behavioural scores was reported, increasing PbT was associated with mothers� rating 

their children as �less resistant to distraction�, �less informed about instructions�, �unable 

to sit still� and �wasting time when beginning homework�.  The teachers� ratings, on the 

other hand, were more strongly related to the children�s social-hereditary background, 

and not significantly related to the child�s blood lead levels after control for confounders.   

 

A 6-year follow-up of the Stolberg sample (Winneke et al., 1987) was conducted 

with 45 of the original cohort, then aged 13 to 15 years of age.  A 3 year follow-up was 

also conducted with 76 children from the Nordenham sample, aged 9 to 10 years at time 

of follow-up.  For this second group, blood lead, umbilical and mother�s blood lead at 

birth, were also collected.  Attention, reaction times and delayed reaction times were 

assessed using the Wiener Reaction Time Device.  A significant relationship between 
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lead and delayed reaction times was revealed in both samples.  However, the associations 

with error rate on the Wiener device were significant for the Nordenham sample, but not 

the Stolberg sample.  The authors accounted for these results by suggesting �the difficulty 

level of the Wiener Determinationsgerat were apparently not high enough to serve for 

replication purposes of the Nordenham results� (p. 62). 

 

Fergusson et al. (1988) collected shed deciduous teeth of 888, 8 and 9-year-old 

children from their New Zealand cohort study.  They then analysed and determined the 

tooth lead levels using the same protocol as Needleman et al. (1979).  Using an adapted 

8-item form of the Conner�s Scale and the Rutter Scales, their analysis revealed �the 

presence of small, consistent and relatively stable correlations between dentine lead 

values and ratings of overactive or inattentive behaviour in children (p. 815).  Using 

LISREL and covariate adjustment they concluded that measurement error imparted a 

marked downward bias to the correlations and that the observed correlations appeared to 

considerably under-estimate the true associations between dentine lead and 

inattentive/restless behaviour in children.   

 

The behaviour of this sample was reassessed 4 years later (Fergusson et al., 1993), 

when the children were 12 and 13 years of age.  The authors re-administered the same 

behavioural questionnaires and used the same dentine lead estimation data from their 

earlier study (Fergusson et al., 1988).  Again, they found that children with elevated lead 

levels tended to be more prone to restless or inattentive behaviour. 
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In 1982, Needleman reported results of his analysis of lead levels in shed teeth 

from 2,335, first and second grade children.  Questions from the 11-item Teacher 

Behavioural Rating scale included items such as �Is the child easily distracted during 

his/her work�, �Is he/she a daydreamer?� and �Is he/she over-excitable and impulsive?� 

Teacher ratings from this study revealed disordered classroom behaviour increased in 

direct relationship to dentine lead.  The associations between lead and ratings of 

distractability were the highest overall, with over 40% of the highest lead group reported 

as being �distractable�. 

 

Needleman et al. (1982) also reported Bellinger et al.�s (1981) study of 41 of 

these children observed at fixed intervals by a scorer blind to their lead levels.  This study 

revealed that children with higher dentine lead engaged in more off-task classroom 

behaviour than children with low dentine levels.  

 

Leviton et al. (1993) used a 16-item version of the Boston Teachers� 

Questionnaire to investigate the relationship between teachers� ratings of behaviour and 

lead exposure in 1,923, 8-year-old children.  Information was gathered about the children 

at birth and at the age of 6 years.  The lead measures used in their analysis were umbilical 

cord lead and tooth lead.  The study found a significant relationship between PbT and the 

Daydreaming and Tasks clusters of behaviour scores in girls, and PbT and the Following 

Directions and Task clusters in boys.  They found no relationship between hyperactivity 

and lead.  Inspection of the Daydreaming scale revealed items such as �easily distracted� 
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and items in the Tasks cluster such as �impersistent�.  As such, there are similarities 

between these scales and the Immature/Inattention scale of the Conner�s Scales.   

 

A 2-year follow-up of the Leviton et al. (1993) study by Bellinger, Leviton, 

Allred, and Rabinowitz (1994) tested 1,782 children.  This study used umbilical cord lead 

and dentine lead as the IV, and the Teacher Rating Form of the Child Behaviour 

Checklist as the DV.  They observed a modest association between children�s postnatal 

lead exposure, as reflected by tooth lead levels, and the risk of teacher-reported behaviour 

problems which persisted after control for potential covariates.  They found no 

relationship between behaviour scores and umbilical cord lead. 

 

Some difficulties with these studies centre on the measures of lead exposure 

(umbilical cord and tooth lead).  Whilst umbilical cord lead provides an indication of in-

utero exposure, it does not measure postnatal PbB exposure.  The measurement of 

dentine lead also presents some shortcomings as a measure of lifetime lead exposure.  

Whilst it can provide a picture of lifetime lead exposure with the deposition of dentine, it 

can also prove unreliable due to different assay techniques, the type of tooth sampled, the 

time the tooth is shed, the portion of the tooth analysed, and the effects of diet on the 

amount of lead deposited in dentine layers.  

 

Despite these difficulties, these studies present consistent reports of a significant 

association between PbT/PbD and behaviour.  In particular, off-task classroom 

behaviours (Bellinger et al., 1981; Winneke, 1983; Winneke & Kramer, 1984), 
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impulsivity (Fergusson et al., 1988; Fergusson et al., 1993; Needleman, 1979; 

Needleman, 1982), daydreaming (Leviton et al., 1993; Needleman et al., 1979a; 

Winneke, 1983; Winneke & Kramer, 1984), following directions (Leviton et al., 1993), 

distractability (Needleman et al., 1979; Needleman, 1982; Winneke, 1983; Winneke & 

Kramer, 1984), and inattention (Ferguson et al., 1988; Fergusson et al., 1993; Needleman 

et al., 1979; Needleman, 1982; Winneke, 1983; Winneke & Kramer, 1984) have been 

reported to be associated with lead exposure. 

 

Bone Lead 

The estimation of the level of lead exposure via bone lead measures, holds 

promise as perhaps the most reliable and valid measure of long-term exposure used in 

research to date.  Unfortunately, at the moment, (probably due to its cost) only a few 

studies have used this lead estimation technique.   

 

Studies using bone lead as a measure of long term lead exposure have shown 

associations between lead exposure and behaviour.  Bellinger, Hu, Titlebaum, and 

Needleman (1994) found that dentine lead level was significantly associated with 

adjusted scores on two of the four attention factors: focus-execute and shift� in 79 young 

adults after adjusting for 9 potential confounders.  However, patella lead was not 

significantly related to any of the 4 attentional factors and tibial lead was associated only 

with the focus-execute factor. 
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Needleman, Riess, Tobin, Biesecker, and Greenhouse (1996) used x-ray bone 

spectroscopy to measure lifetime lead exposure of 150 11-year-old boys.  They compared 

boys whose self-reports placed them in the top 30% with respect to delinquency, with a 

matched sample from the bottom 70% of the same sample.  The criterion variables in this 

project were the Achenbach Parent Child Behaviour Checklist and the Achenbach 

Teachers Child Behaviour Checklist.  Both parent and teacher reports of behaviour 

problems were found to be associated with higher bone lead.  The effect was evident for 

both the internalising and externalising subscales.  There was a significant difference 

between the percentage of high and low lead children in the clinical range for Attention, 

Aggression and the Delinquent Problems scales of the Achenbach. 

 

Whilst few in number, bone lead studies have indicated low to moderate levels of 

lead exposure to be associated with behaviour problems.  Both studies (Bellinger, Hu, et 

al., 1994; Needleman et al., 1996) have reported impairments to attention associated with 

lead exposure, although in the Needleman et al., (1996) study the associations with bone 

lead were not as strong as those with dentine lead.  The use of bone lead as a measure is 

still new and not without its problems.  Bellinger, Hu, et al. suggested that the precision 

of K-XRF bone lead measurements need to be increased if these are to serve as useful 

biological markers of childhood lead exposure. 

 

2.6.4 Prospective Studies 

Whilst numerous reports of the effects of lead on children�s� cognitive abilities 

have emanated from prospective studies, relatively few reports into the relationship 

 66



between lead and behaviour have been published from these projects.  The first report on 

behaviour and lead comes from the Cincinnati study (Padich, Dietrich, & Pearson, 1985).  

Here the behaviour of 125 children during 3 problem solving tasks (included in a test 

battery for 18-month-old children) was recorded.  The authors of this study reported no 

relationship between PbB and room movement, on-task behaviour or active exploration 

(Padich et al., 1985).  However, at this young age this sort of behaviour may not be 

equivalent to attention or hyperactivity as it is referred to in 5 to13 year olds from other 

studies.  It may, in fact, be more similar to the �Overactivity� factor as reported by Yule 

et al. (1984).  In that study, Yule reported hyperactivity was significantly related to lead 

level, whereas �overactivity� was not.   

 

A more recent report from the Cincinnati Cohort study examined the relationship 

between blood lead levels and self- and parent-reported delinquent acts (Dietrich, Ris, 

Succop, Berger, Bornschein, 2001).  For the 195 adolescents involved in this study they 

found the PbB was associated with a covariate adjusted increase in parent reported 

delinquent behaviours.  Further both prenatal and postnatal Pb exposure was associated 

with covariate adjusted levels of self-reported delinquent and antisocial behaviour. 

 

Wasserman et al. (1998) conducted a study of the behaviour of 541, 3-year-olds in 

Kosovo using the Achenbach Child Behaviour Checklist.  This was a very carefully 

designed and well-conducted study, being one of the last of this generation of prospective 

studies of lead effects to be implemented.  After controlling for a number of 

developmental and socio-demographic variables, they found concurrent PbB explained a 
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significant amount of the variance in the Destructive and Withdrawn scales.  �Scores on 

the Destructive subscale most clearly showed adverse associations with Pb exposure.  

Items on this scale include, for example, �can�t concentrate�, and �quickly shifts from one 

thing to another�� (p. 484).  A later report from this study (Wasserman, Liu, Pine, & 

Graziano, 2001) examined the contribution of maternal smoking and lead exposure to 

behaviour problems in this sample.  This study found that for the 191, 4 to 5 year old 

participants, after control for a variety of covariates, the Delinquency score on the CBCL 

increased by 25% for every doubling of lifetime PbB. 

 

Roberts, Baghurst, Wigg, McMichael, and Vimpani�s (2000) study of 480, 5-

year-old children from Port Pirie, Australia, found a significant association between 

lifetime, but not concurrent PbB and the Total, Externalising, and Internalising scales of 

the Child Behaviour Checklist.  This association persisted after control for 11 

confounding variables.  Analysis of the narrow-band factors by gender revealed boys and 

girls showed a very different pattern of lead-affected behaviour.  The strongest effects for 

boys were found between lead and the Attention Problems and the Delinquent Behaviour 

scales.  For girls, the strongest associations with lead were with the Withdrawn, 

Anxious/Depressed and Social Problems scales.  This has interesting parallels to the early 

Byers and Lord (1943) study, where negative adjectives such as irritable, inattentive and 

restless were used to describe the behaviour of 10 of the 11 boys examined.  Yet the 

negative adjectives were used for only 3 of the 9 girls in the study, and for one of these 

girls, the behavioural description was of �emotional disturbances, depressional in 

character� (p. 489).  The regression model developed from the assessment of 322 of this 
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sample at 11-13 years of age (Burns et al., 1999) predicted a 3.5 (boys) and 1.8 (girls) 

point increase in the externalising scores of the CBCL, after adjustment for covariates. 

 

2.6.5 Summary of Lead and Behaviour Studies of Children  

With few exceptions, the data from selected high-lead exposure groups, children 

diagnosed with hyperactivity, cross-sectional studies (using dentine, teeth bone or 

umbilical cord lead), and prospective studies all indicate a direct relationship between 

level of lead exposure and children�s behaviour.  Behaviours most frequently and 

consistently reported to be affected by lead include inattention (Ferguson et al., 1988; 

Fergusson et al., 1989; Fergusson et al., 1993; Hansen et al., 1987; Hatzakis et al., 1985; 

Needleman, 1979; Needleman, 1982; Needleman et al., 1996; Roberts et al., 2000; 

Walkowiak et al., 1998; Winneke, 1983; Winneke & Kramer, 1984; Winneke et al., 

1987; Yule & Lansdown, 1986), distractability (Bellinger et al., 1981; Fergusson et al., 

1989; Fergusson et al., 1993; Leviton et al., 1993; Needleman, 1979; Needleman, 1982; 

Winneke, 1983; Winneke & Kramer, 1984) impulsivity (Fergusson et al., 1988; 

Fergusson et al., 1993; Needleman, 1979; Needleman, 1982; Silva et al., 1988; Raab et 

al., 1990; Thomson et al., 1989; Scarily et al., 1992), conduct disorders (Needleman et 

al., 1990; Needleman et al., 1996; Raab et al., 1990; Roberts et al., 2000; Thomson et al., 

1989; Wasserman et al., 1998; Yule et al., 1984, Yule & Lansdown, 1986) and 

delinquency behaviours (Dietrich et al., 2001: Needleman et al 1996; Needleman et al., 

2002; Roberts et al, 2000; Wasserman et al., 1998; Wasserman et al., 2001). 
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2.6.6 Animal Studies 

No matter how good the design of studies using humans, questions can always be 

raised about the directionality of effects, control of variables and the environment, 

possible sources of error and bias, and numerous other methodological issues.  However, 

in studies of the effects of low to moderate level lead exposure in children it is clearly not 

possible to analyse neurochemical, and neuroanatomical changes.  Yet, establishing the 

plausibility of the link between suspected neurotoxins and observed effects in humans is 

an important stage in coming to a scientific consensus on an issue.  Animal studies make 

a valuable contribution toward this end.  They can carefully control the level and timing 

of exposure, other environmental factors, and randomly allocate littermates to different 

experimental conditions.  They therefore overcome many of the design limitations of 

human studies.  Further, in rodent studies, animals exposed to teratogens can be 

sacrificed and neuroanatomical changes associated with exposure, investigated.   

 

Animal studies into the neurotoxicity of lead in animals can be divided into two 

categories: learning studies and physiological studies.  The vast majority of learning and 

behavioural studies have been conducted with primates and rodents.  Most physiological 

studies have been conducted with rodents or sheep.  Studies of lead-treated animals often 

simultaneously assess cognitive abilities and behavioural regulation.  In many 

experiments these two cannot be separated.  The following review will focus on the 

behavioural aspects of these studies. 
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Primate Learning Studies. 

Learning studies in animals have examined discriminative learning, reversal 

learning, attention and preservation.  To assess the cognitive development of animals in 

these studies, tests of discrimination and learning acquisition are often used.  Yet the 

animals� performance on these tasks is, to a large extent, measured via, and dependant on, 

their overt behaviour. 

 

Bushnell and Bowman (1979a) dosed monkeys with lead for the first year after 

birth (36ug/dl).  They found lead-treated monkeys showed higher activity levels in open 

field trials, but not higher levels of exploratory behaviour in their home cages.  This 

unusual pattern has also been shown in rodents (Brown, 1975; Driscoll & Stegner, 1978; 

Schlipkoter & Winneke, 1980; Winneke et al., 1977).  These same monkeys were 

assessed on a reversal learning task 3 years later, at age 4 years of age.  In this task, the 

monkeys had to change from responding to colour, to responding to shape, in order to 

obtain reinforcement.  Even though their lead levels had returned to normal, the lead-

treated monkeys showed performance deficits compared to control monkeys (Bushnell & 

Bowman, 1979b).  On another test of spatial learning, Bushnell and Bowman (1979b) 

found the lead-treated monkeys performed at the same level as controls on an easy level 

of the task, but worse than controls on the difficult level of this task.  This was despite 

that fact that at the time of testing the lead-treated monkeys did not have high lead, or 

lead levels different to the control group.   
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The Bushnell and Bowman studies are important for at least three reasons.  First, 

the findings parallel those from human studies indicating increased disinhibition in 

behaviour.  Second, they demonstrate that the effects of early exposure to lead can persist 

years after lead levels have returned to normal.  Third, they demonstrate that the effects 

of lead are often evident only at an optimum level of difficulty of tasks.  These last two 

points could account for the mixed results of studies of children�s specific abilities at 

early school ages.  In cross-sectional studies children with same level of lead at time of 

testing, could in fact, have very different lead exposure histories.  This would clearly 

confound the results.  In addition, failure to chose the right test or, more particularly, test 

at the right degree of difficulty, could also result to no effect being observed. 

 

Rice (1985) reported a study in which monkeys were separated from their mothers 

at birth and reared in a primate nursery according to standardised procedures.  The 

monkeys were separated into three groups and dosed from day 1 with the equivalent of 0, 

50, or 100 ug/kg/day of lead, administered as lead acetate.  This resulted in average blood 

lead concentrations of 3.5, 15.4, 25.4 ug/dl pre-weaning, and 2.9, 10.9, and 13.1 ug/dl 

post-weaning, for the respective groups.  There were no overt signs of toxicity during the 

study.  The learning experiment consisted of three learning tasks.  After the monkey 

achieved mastery in each learning task, a different stimulus was then reinforced.  This 

�learning-learning reversal� paradigm is frequently used in toxicology research with 

animals.  During the experimental phase of this study, the monkeys were between 3 and 4 

years of age.  
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While there was no difference between the lead-treated groups and the controls on 

the initial learning task, the lead-treated groups performed worse than controls on the 

reversal trials.  The 50 ug/kg group made significantly more errors on reversal than the 

control group and the 100 ug/kg group made significantly more errors than the controls 

on all the reversal tasks.  This study demonstrated impairment in spatial discrimination 

reversal in monkeys dosed orally with lead acetate.  (This finding has important parallels 

in human studies, which will be discussed later).  This effect was evident at relatively low 

levels of lead exposure.   

 

Rice (1992) tested the same monkeys again at age 3 and 7 years.  In these studies 

the monkeys were required to withhold a response for a length of time (5-30 seconds).   

The lead-treated monkeys� performance was impaired on these tasks.  This was the case 

for both those dosed antenatally, and those only dosed after infancy.  Later, Rice (1993) 

reported that on tasks requiring monkeys to switch between familiar and unfamiliar types 

of matching stimuli, lead-affected monkeys performed significantly worse.  Again lead-

affected monkeys did worse on discrimination reversal tasks, where monkeys were 

required to ignore cues that had previously been reinforced (Rice 1992).  Rice noted that 

in all of these trials the lead-treated monkeys showed greater response variability, and did 

worse on tasks that required inhibition of responses. 

 

Monkeys from this same colony were again tested at 9 and 10 years of age 

(Gilbert & Rice, 1987).  At this time they were tested on 3 spatial discrimination and 

reversal tasks.  The first task had no irrelevant cues, but the second task had irrelevant 
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form cues, and irrelevant form and colour cues.  They found that whereas lead-treated 

monkeys were not impaired relative to controls on trials where no irrelevant cues were 

present, they were impaired on trails where irrelevant cues were present. 

 

This series of studies from this monkey colony revealed that lead-treated monkeys 

responded at higher rates than controls (Rice 1985), had more difficulty inhibiting 

incorrect responses (Rice & Gilbert, 1985; Rice, 1992; Rice 1993) and finally, were more 

likely to show impairment in learning tasks in the presence of irrelevant cues (Gilbert & 

Rice, 1987).  This parallels a pattern of hyperactivity, impulsivity and distractability 

previously reported in children. 

 

In these studies, a transient (100 day pre-weaning) difference of 10 ug/dl and 

steady state difference of only 2 ug/dl was sufficient to produce a differential effect on 

performance between the low-dose and the high-dose groups.  This was the first report of 

cognitive deficits in primates at levels considered within the bounds of safety for 

children.  With the current WHO level of concern at 15 ug/dl, these demonstrated effects 

of lead at levels as low as 10.9 ug/dl provide support for a lower �level of concern� and 

the notion of �no safe� threshold, for lead exposure.  With lead levels in industrialised 

environments about 100 times above the level of natural concentrations on earth Rice 

(1985) argued that �untreated,� control monkeys had levels well above the natural level 

and could therefore be considered �treated� (ie., lead exposed), compared to natural 

blood level concentrations.  Thus, her findings may actually underestimate the effects of 

lead exposure on performance.   
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In another study by Rice, Gilbert, and Wiles (1979) with a different colony of 

monkeys, 4 monkeys acted as control and 4 were dosed with 500 ug/kg/day of lead 

acetate from birth.  Although they found no differences in locomotor activity in their 

monkeys, they reported that on a fixed interval schedule of reinforcement, the treated 

monkeys showed much higher response rates.  The lead-treated monkeys also exhibited 

more responding in the �time out� period. 

 

Important lessons can be learnt from Rice�s series of studies with respect to 

children�s studies.  First, the report of greater response variability in many of her studies, 

may be one explanation for the inconsistent findings from many studies of the effects of 

lead in children.  Second, disinhibition in monkey�s responses repeatedly appears as a 

correlate of lead exposure.  This parallels findings of increased rates of hyperactivity and 

attentional problems in lead-affected children.  Her findings are important as they are 

consistent with the hypothesis that lead is associated with disinhibition and perseveration, 

and with studies of lead-affected children showing increased rates of hyperactivity and 

attentional disorders.  Finally, she reported that previous experience on experimental 

tasks sometimes attenuated lead effects, but other times exacerbated apparent lead 

effects.  Other researchers with monkeys (Molfese et al., 1987) and rats (Winneke et al., 

1987) have also reported the difference between novel and familiar tasks.  This finding 

has implications for human studies, emphasising that if lead effects are to be observed, 

the experimental and test tasks must be chosen carefully. 
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In sum, primate studies have found increased lead levels to be associated with 

greater difficulty learning to perform reversed discriminations (Bushnell & Bowman, 

1979b; Gilbert & Rice, 1987; Rice, 1985; Rice, 1992), and, excessive responding (Rice, 

1985; ; Rice, Gilbert, & Willes, 1979; Bushnell & Bowman, 1979a), and disinhibition or 

inappropriate responding (Gilbert & Rice, 1987; Rice & Gilbert, 1985; Rice, 1979; Rice, 

1992).  

 

Rodent Learning Studies 

One of the earliest studies of the effects of lead on rodent behaviour is reported by 

Brown (1975).  In this study, lead was administered (17.5 or 25 ppm lead acetate) to 3 

groups at different ages: post natal days 1-10, 11-20, and 1-20.  Controls were 

administered 25 ppm of sodium acetate.  No lead dosing occurred after 21 days.  The rats 

were tested at 8-10 weeks of age.  Using a T-maze test, the authors reported learning to 

be impaired in rats �which had been nursed 20 days by dams treated with 17.5 or 25 mg 

Pb/kg daily after parturition� (p. 628).  Rats exposed on days 1-10 showed similar 

impairments in learning to those exposed from days 1 �20.  However, those exposed only 

from days 11-20 did not.  Brown also measured the level of activity of the rats, using a 

actophotometer, and in open field trials.  Whilst no differences were evident from the 

actophotometer,  much greater response variability was evident in the lead-exposed rats.  

They concluded that these findings �suggest that the brain of the developing neonatal rat 

is particularly sensitive to lead, with the effects on learning produced which are still 

present in the 8- to 10-wk-old adult� (p. 634). 
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Winneke, Brockhaus, and Baltissen (1979) exposed rats to lead, via their mothers 

during gestation, via the dam�s milk, and post weaning in their diet, via lead acetate.  20 

lead-treated animals were compared to 20 controls.  The treated animals were 

administered about 50 mg/kg/day in order to achieve the desired initial dose of around 30 

ug/dl.  At the time of testing the rats were between 90 and 170 days old.  The age at 

testing was matched between the control and the lead-exposed animals.  The analysis of 

data revealed no differences in performance between the two groups on the easy 

(orientation discrimination) task.  However, significant differences were noted on the 

difficult task (size discrimination) and the open field test.  On the open field test, the lead 

exposed rats exhibited a higher rate of restlessness than controls.  These results lead the 

authors to suggest that perhaps learning ability as such may not be affected by lead 

exposure, (as lead-fed animals learned the easy task as effectively as controls,) but to 

raise the �possibility of lead-induced disturbances of the mechanisms of 

attention�inferred from the observed activity increase� (p. 261) being responsible for the 

observed learning deficits. 

 

In a study designed to test the neurobehavioural effects of lead exposure at 

different levels, Winneke, Lilienthal, and Werner (1982) administered different levels of 

lead acetate to 4 groups of rats resulting in PbB�s of 5, 11, 18 and 31 ug/dl across the 

groups.  After 5 days of this exposure, the rats were mated and the offspring were weaned 

and then kept on the dam�s (lead-added) diet until testing.  Avoidance tasks and visual 

discrimination tasks were administered at PN 90 and PN 200 respectively.  They found 

that �lead-exposure was associated with significant learning improvement {author�s 
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italics} in this (avoidance) task� (p. 87), whereas both Pb-groups were clearly inferior on 

the visual discrimination task.  Winneke et al. argued that these findings could be 

explained via emotional reactivity, which could either disrupt (visual discrimination 

tasks), or improve (active avoidance tasks) performance.  Thus, he argued that it was not 

impairment of cognitive process such as learning or memory, but behavioural reactivity 

which would be expected to interfere with efficient handling of the complex 

discrimination task. 

 

In another study (Winneke et al., 1985) of the neurobehavioural effects of lead 

exposure in rats, the animals were dosed using the same protocol as the Winneke et al. 

(1982) study.  However, in this study, lead exposure was ceased at PN16 for half the 

lead-treated group, whereas the exposure was continued until the time of testing (PN400) 

for the other half.  The rats were tested on an open field test, an active avoidance test, a 

spatial learning task, retention of radial arm maze learning, and visual discrimination 

learning.  Lead-associated impairments in performance were observed in retention of 

spatial learning and visual discrimination learning.  No difference in performance 

between the two lead-exposed groups was observed, suggesting that lead-induced 

cognitive deficit is persistent or even irreversible, if the exposure occurs during the early 

stages of brain development of the rat. 

 

Suspecting that lead may selectively affect the hippocampus, Munoz, Garbe, 

Lilienthal, and Winneke (1988) conducted a study which compared the behaviour of 

lead-affected rats with those with induced hippocampal damage.  The study had 4 

 78



experimental conditions.  One group of rats was dosed up until weaning, another 

continued to be dosed after weaning.  The third group suffered hippocampal damage due 

to an injection of ibotenic acid, and the fourth condition was a control group.  The rats 

were trained in a spatial recall task, having to retrieve food from 8 radial arms of a maze 

without revisiting any of the arms.  Lead-exposed rats learned the task more slowly than 

controls, but hippocampal-damaged rats showed no impairment in learning.  However, in 

the retention phase, 4 weeks after the initial learning trails, both lead-exposed and 

hippocampal-damaged rats performed worse than controls.  This study showed that lead-

induced effects can mimic hippocampal damage in retention but not in learning trials. 

 

In the next experiment in this series of studies to test the role of the amygdala in 

explaining lead-induced impairments to performance, Munoz, Garbe, Lilienthal, and 

Winneke (1989) again used the same radial arm learning task, except this time the rats 

had to avoid the arm where an electric shock was given.  In this study, the amygdala was 

damaged by injection rather than the hippocampus as in their previous (Winneke, 1988) 

study.  The results indicated both lead-dosed and amygdala-damaged rats performed 

worse on this task than controls.  Rats with long-term lead exposure performed worse 

than rats only exposed up to until the time of weaning. 

 

Cory-Slechta and Thompson (1979) fed 4 groups of post-weaned rats 0, 50, 300 

and 1,000 ppm lead acetate in drinking water.  The rats were then tested on a Fixed 

Interval, 30 second delay, food reinforcement schedule.  In order to enable the delivery of 

the food pellet, the animals had to inhibit responding during this period.  The authors 
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used this sort of task because they believed certain fixed-ratio schedule parameters 

produce types of behaviour not influenced by lead exposure.  Moderate levels of lead 

exposure (50 & 300 ppm) resulted in increased response rates and greater intersubject 

variability, whilst time to initiate response in interval decreased.  Further analysis 

revealed the lack of inhibition of responses was mainly due to increased rates of 

responding from lead-dosed rats during the final 10 seconds of the 30 second delay.  

Exposure to 1000ppm of lead decreased response rates and increased response latency.  

The authors attributed this result to symptoms of possible frank lead poisoning for this 

high exposure group. 

 

Using a similar task to that used in the Cory-Slechta et al. (1979) study, Cory-

Slechta, Weiss, and Cox (1985) investigated the effects of lead at much lower levels of 

exposure.  In this study, they exposed lead-treated rats to 25 ppm lead acetate resulting in 

PbB�s of between 15-20 ug/dl for the lead-exposed group.  At this lower level of 

exposure, overall response rates increased and the time to initiation in the interval 

decreased for the lead-treated group.  These results are similar to that reported for higher 

levels of lead exposure in their earlier experiment (Cory-Slechta et al., 1979).  

 

To investigate the effects of lead exposure occurring later in life, Corey-Slechta 

(1999) exposed rats to Pb from 21 days postweaning, and compared this group to non 

lead-exposed controls.  She tested both groups on Fixed Interval (FI) reinforcement tasks.  

According to Corey-Slechta, these FI tasks are very similar to impulse control tasks.  In 

tasks in which the learning was already acquired before lead exposure, no differences 
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were evident between lead-exposed and control rats.  However, for new learning, a 

significant difference was evident between lead-exposed and control rats.  Pb exposure 

caused an increase in perseverative behaviours, and impaired the rats learning 

acquisition. 

 

Alber and Strupp (1994) exposed 2 groups of rats to low doses of lead resulting in 

PbB�s of 19 and 39 ug/dl, and compared their performance to non lead-exposed controls 

on reversal learning and spatial alternation tasks.  The lead-exposed rats performed worse 

than controls on both these tasks.  The lead-related deficits were most apparent in the 

variable inter-trial delay condition.  Alber and Strupp reported that under this condition 

perseveration and disinhibition were evident in the response of both lead-exposed groups. 

 

Morgan et al. (2001) designed a series of tasks specifically to test for attentional 

dysfunction in rats exposed to Pb during gestation and lactation.  There were 4 exposure 

groups: lead acetate in water during gestion and lactation (300 ppm), during lactation 

only (two exposure groups; 300ppm & 600ppm), and controls.  After training, the sample 

undertook one visual discrimination task and three vigilance task.  Their study showed 

lasting cognitive deficits in attentional behaviour of each of the three exposure groups.  

Specifically, although lead-related deficits were minimal on easy vigilance tasks, on the 

variable delay tasks all of the Pb exposed groups showed significantly increased levels of 

omission errors.  This suggested deficits in sustained attention and reactivity to errors.  

However, in none of the three tasks did the lead exposed groups show increased rates of 
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premature responding.  The authors interpreted this as indicating that these groups were 

neither more impulsive or deficient in inhibitory control on these tasks. 

 

Summary of Rodent Studies 

Rodent studies have consistently shown effects of lead on the behaviour and 

learning of rats.  However, this has not been universal on all tasks.  Some studies have 

shown deficits on retention but not learning (Cory-Slechta, 1999; Munoz et al., 1988 ), 

whereas  others have shown deficits on Fixed Interval but not Fixed Ratio tasks (Corey-

Slechta & Thompson, 1979), whereas others have shown impairments on size 

discrimination, but not orientation discrimination (Winneke et al., 1979; Winneke et al., 

1982).  Yet an alternative explanation for each of these findings could be found in the 

degree of difficulty of the task, with lead-induced effects evident at the difficult, but not 

easy levels of the required tasks (see Bushnell & Bowman, 1979a).  

 

This pattern of findings links with interesting work on the role of the 

hippocampus and task learning.  Schmaltz and Theios (1972) showed that on an easy eye-

blink task of rabbits, hippocampus lesion had no effect on learning.  However, when the 

task became more difficult, animals with no damage had difficulty learning the task and 

those with hippocampal lesions did not learn at all (Thompson et al., 1983).  

Hippocampal lesions had no effect on learning an easy task, but had profound effects on 

learning a difficult task.  The more difficult the learning, the more important the 

hippocampus appears to become (Schneider & Tarshis, 1995).  This pattern has also been 
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shown in a number of lead studies. As such, the degree of difficulty may be one 

explanation for some of the variable results from the above studies on the effects of lead. 

 

Rodent studies have demonstrated the deleterious effects of lead on rodents� 

behavioural and cognitive functioning.  In particular, they present convincing evidence to 

indicate that lead exposure in rats is related to increased activity rate (Cory-Slechta & 

Thompson, 1979; Winneke et al., 1979; Winneke et al., 1982), increased response 

variability (Brown, 1975; Cory-Slechta & Thompson, 1979; Cory-Slechta et al., 1985), 

response disinhibition (Munoz et al., 1988; Morgan et al., 2001; Munoz et al., 1989; Rice, 

1999; Strupp & Alber, 1994), poorer discrimination learning (Winneke et al., 1979; 

Winneke et al., 1982), and deficits in retention of learning (Munoz et al., 1988; Munoz et 

al., 1989; Rice, 1999).  Whilst clearly not directly comparable, a number of these deficits 

(increased activity rate, response disinhibition, and response variability) parallel those 

reported from studies of lead and behaviour in children (hyperactivity, impulsivity, 

distractability).  Further, one rodent study specifically notes � the possibility of lead-

induced disturbances of the mechanisms of attention� (Winneke et al., p. 261) explaining 

performance deficits in discrimination tasks. 

 

Physiological Studies 

Understanding the precise biological mechanism of neurological damage 

associated with early childhood exposure to environmental lead is still a number of years 

away, for several reasons.  The first reason relates to the complexity of the nervous 

system.  The number of cells, the number of cell phenotypes and the number of neural 

 83



connections in the CNS, and their interactions make the system extremely complex to 

study.  The baseline for each of these components changes rapidly with time, and each 

region has a different time line of development.  Further, the system is not passive to 

insult, but will often compensate and recover from damage.  As far as we know, the 

central nervous system grows and develops from about 6 weeks gestation until 8 or 9 

years (Kalat, 2001), and possibly until early adulthood.  During this time, the parallel 

processes of cell neurogenesis, proliferation, migration, gliogenesis, apoptosis, 

differentiation, synaptogenesis, mylenation and selective cell death occur (Herschowitz, 

1997).  Each of these occur at different rates and across different time periods.  Research 

into the neuroanatomical and the neurochemical changes associated with lead 

intoxication has yet to reliably identify changes in any of these processes, let alone the 

possible interaction between these 9 neurodevelopmental processes.  In addition, 

researchers need to distinguish between the mechanisms of action (which implies a 

molecular or cellular target site) and the mode of action (which implies convergence on a 

process downstream as a result of alterations in possible numerous mechanisms). 

 

To further understand the complexity of CNS development, different types, rates 

and times of neurotransmitter development in humans also need to be considered.  There 

are at least 10 identified major categories of neurotransmitter.  A suspected neurotoxin 

may affect one, some, all, or none of these.  Further, due to interactive affects with other 

mechanisms it may affect some only at certain critical time periods.  Thus, the prospect 

of identifying specific mechanisms, and modes of action of lead in humans is probably 

not likely in the near future.  Bearing the above in mind, some known mechanisms have 
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repeatedly been shown to be affected by lead in animal studies.  They have included 

changes to protein kinase C (PKC), NMDA and the hippocampus, and dopaminergic (D1 

and D2) neurotransmitters. 

 

Markovac and Goldenstein (1988) found that the PKC was sensitive to lead at 

picomolar levels and that lead tended to mimic the function of calcium in binding to 

regulatory proteins.  PKC is regulated by calcium and is critical to the control of cellular 

signal transduction (Nishizuka, 1986).  Markovac and Goldenstein�s study also showed 

how lead mimics calcium in the activation of PKC.  Their study was the first to observe 

lead-induced biochemical alteration in the pico-molar range, and that the sensitivity of 

protein kinase C makes this enzyme a potential mediator of lead toxicity.  Pevsner (1999) 

demonstrated how lead increases presynaptic neurotransmitter release for nerve 

terminals.  His research showed that lead potently activates PKC in cultured rat PC12 

cells.  He also found that lead affects calcium sensitive proteins (eg PKC) by mimicking 

the effects of calcium.  This results in an increase in PKC and an increase in spontaneous 

neurotransmitter release.  If lead does mimic calcium, then it is likely that it may bind and 

activate dozens of other proteins known to be sensitive to calcium, all important for 

synaptic transmission.  PKC has been demonstrated to be related to the up-regulation or 

down-regulation of synaptic transmission.  Thus, it is hypothesised to be also related to 

changes in levels of impulsivity and perseveration. 

 

Hippocampal deficits have also been repeatedly associated with exposure to lead.  

They have been observed in lead-treated rats and monkeys with reversal learning deficits 
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(Douglas & Pribram, 1966; Mahut, 1971).  Selective accumulation of Pb2+ has been noted 

in the hippocampal regions of rats compared to blood and other brain regions (Collins, 

1982, Fjerdinstad, 1974; Kishi et al., 1982).  This has also been reported in lead-poisoned 

children.  To investigate this further, Alkondon, Costa, Radhakrishnan, Aronstam, and 

Albuquerque (1990) examined the hippocampi from foetuses from 16-18 day pregnant 

rats.  They found that when Pb2+ was introduced with NMDA, the Pb2+ depressed the 

peak amplitude of the NMDA-activated whole cell currents in a concentration-dependant 

manner.  Effects were observed at levels of 2.5 uM; and at 50 uM the responses were 

completely abolished.  This study demonstrated the blocking effects of Pb on the NMDA 

subtype of glutamate receptors.  They found this effect at concentrations that are 

comparable to that of lead-poisoned children.  There is evidence to indicate the key role 

of NMDA receptors in the process of learning  (Artola, 1987; Collingridge & Bliss, 1987; 

Morris, 1986).  This, combined with the findings in this study of the impairment of such 

process by Pb, �suggest the blocking action of Pb on the NMDA receptor ion is an 

important clue for the exploration of the clinical effects of this cation� (Alkondon et al., 

p. 129). 

 

The hippocampus in humans has been linked to context specific learning, and also 

to difficult tasks.  The hippocampus is more important for some kinds of memory than for 

others, but researchers do not yet have consensus on the types of memory it serves.  

According to Moscovitch (1995), the hippocampus only receives information that has 

already become conscious.  Thus, the hippocampus receives input from many parts of the 

cortex, but the input does not come from the primary sensory areas but from secondary 
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and tertiary areas that have already processed the information heavily (Kalat, 2001).  The 

implication of this is that if lead affects the hippocampus (or mimics hippocampal 

damage), then lead effects might only be observed at difficult levels of tasks, or on tasks 

that require extensive processing of incoming stimuli. 

 

Others have suggested that the hippocampus is important for distinguishing one 

context from another (Carlson, 1999).  This pattern of impairment would be consistent 

with reversal and cue sensitive learning difficulties reported in lead-affected animals 

(Corey-Slechta, 1999; Munoz et al., 1988; Munoz et al., 1989; Rice, 1999; Winneke, 

Brockhaus, & Baltissen, 1979). 

 

Lashley and Gilbert (1999) demonstrated how Pb diminishes hippocampal Long 

Term Potentiation (LTP).  They demonstrated that Pb's effect on LTP was due to a 

decrease in calcium dependant release of glutamate (NMDA).  The authors reported a 

biphasic effect of Pb on LTP, with the largest effects at 25-35 ug/dl.  It is widely thought 

that the LTP paradigm utilises similar synaptic processes to those involved in learning.  

LTP impairments have been associated with learning being more difficult to achieve, and 

less durable.  This pattern has also been reported in Cory-Slechta and colleagues rodent 

studies (Cory-Slechta, 1999; Cory-Slechta & Thompson, 1979; Cory-Slechta, Weiss, & 

Cox, 1985). 

 

Cory-Slechta and Widowski (1991) examined the dopaminergic (DA) response to 

Pb exposure.  The study used standard drug discrimination type procedures to compare 
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DA sensitivity in lead-exposed and non-exposed rats.  In their first study, rats exposed to 

200-5000 ppm of lead pre-weaning or pre and post weaning were less sensitive to the 

stimulus properties of amphetamine.  The study demonstrated Pb exposure produced a 

sensitivity to dopamine that involved both the D1 and the D2 receptor subtypes.  This 

super-sensitivity was at levels of Pb exposure equivalent to those found in many urban 

areas.  The study controlled for non-specific lever pushing by the substitution of non-DA 

drugs, for example, morphine and pentobarbital.  It is important to note that in this study 

the exposure to Pb only occurred after weaning, the period regarded to be the time of 

peak vulnerability (Brown, 1975). 

 

Corey-Slechta (1999) argued that lead seems to preferentially target the 

mesolimbic dopamine system.  Decreases in DA binding sites were observed after only 2 

weeks of Pb exposure, and were sustained over 12 months.  These decreases were 

associated with an excess of dopamine, which in turn leads to down regulation.  She also 

demonstrated a relationship between dopamine and glutamate function with learning 

disorders.  In tasks in which the learning was already acquired before lead exposure, no 

differences were evident between lead-exposed and control rats.  However, for new 

learning, a significant difference was evident between lead-exposed and control rats.  

These lead-induced effects were later mimicked in a parallel rat population through the 

administration of DA and DA agonists.  She concluded that Pb caused an increase in 

perseverative behaviours in rats, and therefore impaired learning acquisition. 
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In sum, while the exact biochemical and physiological mechanisms are still a long 

way from being specified exactly, some of  mechanisms identified by which lead might 

interfere with neurological functioning include 

1. Interference with calcium-mediated processes, such as the production of protein 

kinase C, 

2. Blocking of NMDA receptors in the hippocampal regions leading to changes in LTP, 

and selective accumulation in the hippocampal regions, 

3. Changes in dopaminergic responses. 

 

The possible functional implications of these changes include (respectively) 

4. Increases in synaptic transmitter release, related to increased impulsivity and 

perseveration (Kalat, 2001). 

5. Long-term potentiation (LTP) may underlie learning and memory, and that the 

NMDA subtype of the glutamate receptors are involved in this process of LTP 

(Carlson, 1999).  Rodent studies have indicated this affects new learning. 

6. Down-regulation of behaviour, poor impulse control and impairment of acquisition of 

new learning (Moscovitch, 1995). 

 

2.6.7 Summary of Research on the Effects of Lead on Behaviour 

Studies from at risk samples, hyperactive children, cross-sectional studies (using 

blood, bone, dentine, tooth or umbilical lead as IV), and prospective studies have 

consistently shown lead to impact on children�s behaviour.  Some of the behavioural 
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disturbances most consistently related to low to moderate levels of lead exposure include 

hyperactivity, inattention, distractibility, restlessness, and impulsivity.   

 

Whilst most human studies have measured behaviour via parent/teacher ratings 

and questionnaires, animal experiments have usually measured direct behavioural 

responses.  Yet despite their different methods, animal studies have reported similar 

findings to studies of children.  Experimental studies with primates have shown excessive 

responding, inappropriate responding and increased variability of response associated 

with lead exposure.  Rodent studies have also shown increased activity rate, response 

variability and response disinhibition.  Finally, neurochemical and neuroanatomical 

studies of lead effects have indicated mechanisms associated with increased impulsivity 

and perseveration, context specific learning, acquisition of new learning and changes to 

the up-regulation and down-regulation of behaviour.  Each of these has parallels to 

reports from behaviour and learning studies with human and animals.  
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2.7 The Role of Attention in Tests of Global Cognitive Abilities 

The evidence that lead has an effect on children�s behaviour (based on human, 

animal, and physiological studies,) is strong.  Likewise, the evidence that lead has a 

deleterious effect on children�s cognitive abilities and learning (based on cross-sectional, 

prospective and by analogy, animal studies), is also strong.  The present project 

investigated the hypothesis that the specific behaviours, shown to be related to lead 

exposure, may also be able to account, in part, for the findings of cognitive impairments 

in lead-exposed children. 

 

Whilst much evidence has accumulated on the relationship between lead and 

behavioural disturbances such as, inattention, distractability, and daydreaming, the role of 

these behaviours as mediators of lead-affected performance on IQ and other global tests 

of cognitive abilities, has yet to be examined systematically.  A child�s performance on 

IQ tests and global tests of cognitive development are a function of two factors: the 

underlying ability and learning history of the child, and the ability of the child to attend 

and perform in the test situation. Both of these factors can be negatively influenced by 

deficits in attentional processes.  

 

Learning 

Deficits in attention can exert a negative influence on a child�s developmental and 

learning history.  Byers and Lord (1943) cited teacher and parent reports such as �seems 

smart enough, but does not appear to learn� and �bright, but restless and does not 
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concentrate� (p. 482) from their case studies of lead poisoned children, suggesting a link 

between attentional problems and subsequent cognitive impairments.  Similarly, Winneke 

et al. (1979) suggested that �lead-induced disturbances in attention� (p. 261) were 

responsible for the observed learning impairments in his lead-treated rats.  Prospective 

studies of lead-affected children (Stiles & Bellinger, 1995; Wasserman et al., 1999) have 

also suggested attention as an implicated factor in explaining the effects of lead on 

children�s IQ scores.  The inability to effectively manage and regulate attention 

throughout early childhood would have a deleterious effect on the child�s ability to 

attend, assimilate and retain new learning.  This, less than optimal, learning history would 

then be reflected in tests results from IQ and global cognitive ability tests. 

 

Attending during IQ tests 

The management and regulation of attention is an important skill in being able to 

complete IQ tests (and other tests of global cognitive abilities).  Davis, Otto, Weil, & 

Prat, (1990) have indicated the possibility of attention being an important part of a child�s 

performance on tests of global cognitive abilities.  Indeed, many tests (e.g. WISC) 

include attention/memory scores in the computation of total ability scores (Weschler, 

1987).  Other IQ and cognitive ability subtests explicitly measure attention, and these 

attention scores often contribute to the Total, or Full-Scale scores.   

 

Davis et al. (1990) noted that difficulties in concept formation on the Bayley Scales 

of Mental Development may, in fact, only represent a deficit in the ability of subjects to 

pay attention to the task or the examiner.  This would also apply to many subtests of the 
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WISC and the MSCA.  One of the 3 robust WISC factors is Freedom from 

Distractability, a measure of attention.  The score on this factor makes a significant 

contribution to a child�s overall score.  Wasserman et al. (1999) reported �a significant 

adverse association between postnatal PbB and the Freedom from Distractability factor, 

perhaps reflecting difficulties in the management of attention� (p. 18). 

 

Similarly, whilst Stiles and Bellinger (1992) found no association between PbB and 

either the Verbal Comprehension factor or the Perceptual Organisation factor, they did 

find an association between PbB and the Freedom from Distractability factor.  In 

summarising their findings they noted �findings on both the global and 

neuropsychological tests suggest attentional difficulties as an important correlate of 

increased lead exposure� (p. 33).  They went on to note the significant relationship 

between pb24 and the freedom from distractability factor raises the possibility that 

deficits in attentional processes may underlie the relationship between lead exposure and 

WISC-R performance. 

 

2.7.1.1 Conclusion. 

The evidence for the deleterious effect of lead on children�s cognitive abilities and 

attentional behaviour is quite strong.  Moreover, lead-induced deficits in attentional 

processes can impair both children�s learning, and their ability to maintain attention and 

effectively complete IQ tests.  Alone, either of these factors would result in lower IQ 

scores.  Together, they could interact to exert a much stronger downward influence.  Yet, 

the relationship between attention and IQ has yet to be systematically investigated within 

 93



the same study.  The purpose of the present study was to link measures of attention with 

the IQ scores of lead-affected children.  Specifically, the analysis attempted to account 

for the lead-associated variance in IQ scores by including experimental measures of 

attentional abilities, and teacher and parent ratings of attentional behaviour.   

 

Before the relationship between attention and IQ scores can be examined, a 

suitable measure of attention must be chosen.  Parent and teacher reports of behaviour 

and attention have reliably detected lead-induced changes to behaviour.  However, whilst 

important, these measures are vulnerable to observer bias and confounding.  These 

measures would be considerably strengthened by the addition of an experimental, 

laboratory-based measure of attention.  Yet, in lead research, studies using specific, 

experimental measures of children�s attention have produced diverse results.  Most of this 

work has concentrated on visual reaction times and visual-perceptual processing.  Whilst 

a good deal of work has been conducted on verbal abilities, many of these tasks are 

testing verbal cognitive abilities rather than auditory attentional processes or auditory 

processing per se.  The small number of studies in this domain that have been reported, 

seem to indicate that auditory processing may be a field of investigation that holds 

promise in this respect.  The research into the effects of lead on auditory processing skills 

and abilities will now be reviewed. 
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2.8 Lead and Auditory Processing 

Tests of auditory reaction time and auditory attentional processing hold some 

promise of meeting the challenges of researching the effects of lead on specific abilities.  

If the stimuli are words (in which sounds have to be processed into language), higher 

level neurological processing is required.  Further, a number of studies have implicated 

auditory processing as sensitive to the effects of lead exposure.  Secondly, if the auditory 

processing tasks have a wide range of degree of difficulty (easy vs. hard) it increases its 

likelihood of optimally taxing the CNS and therefore revealing deficits in performance.  

Finally, if the task is given in sub-optimal conditions (eg including distractors) then it 

would require the child to manage their attending and responding effectively.  The 

following section will consider the research investigating the effects of lead on auditory 

processing.  Specifically, it will review the research on hearing thresholds and nerve 

morphology, auditory reaction times, and complex auditory processing. 

 

2.8.1 Hearing Threshold and Nerve Morphology 

Whilst the effect of lead exposure on cognitive functioning has been intensively 

studied over the last decade, relatively little effort has been made to understand the effect 

of lead exposure on sensory function.  However, a small number of studies have 

addressed hearing threshold, auditory nerve morphology, brainstem evoked potentials 

and complex auditory processing.  Work in this area is important as it investigates the 

underlying processes of auditory processing, and suggests other specific areas that may 

be susceptible to lead-induced impairment.  
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Hearing Threshold 

Of the studies which have examined the effects of developmental or occupational 

exposure to lead on hearing thresholds, most seem to report a small increase in hearing 

thresholds.  Robinson et al. (1987) found a linear relationship between hearing thresholds 

and PbB in a group of 3 to 7-year-old children.  Similarly, Repko, Morgan and Nicholson 

(1979) found small but significant hearing deficits in lead-exposed workers.  

Subsequently, two national health surveys conducted in the U.S. both found small, 

significant increases of hearing thresholds of children with elevated PbB (Schwartz & 

Otto, 1987, 1991).  Taken together, the results of these studies suggest that elevated PbB 

is associated with a small but systematic increase in hearing threshold, in both children 

and adults. 

 

Cochlear and Auditory Nerve Morphology 

There is very little evidence concerning the effect of elevated PbB on the cochlear 

and auditory nerve.  Yamamura et al. (1987, 1991) injected adult guinea pigs with doses 

of lead acetate sufficient to raise their blood lead levels to 80-142 ug/dl.  Whilst this 

resulted in no change to the endocochlear potential, there was a dose dependant 

relationship with the maximum amplitude of the nerve action potential and the threshold 

of the primary component of the cochlear nerve.  It should also be noted, however, that 

the lead levels in this study were quite high, and were equivalent to that associated with 

clinical plumbism in humans. 
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Brainstem Auditory Evoked Potentials 

Brainstem auditory evoked potential (BAEP) has been used and recommended as 

a sensitive way to assess the neurotoxicity of lead exposure (Arezzo, Simson, & Brennan, 

1985; Chiappa, 1990).  Lilienthal, Lenaerts, Winneke, & Hennekes (1988) examined the 

BAEP�s of 7-year-old monkeys dosed with lead acetate, resulting in blood lead levels of 

between 50 and 110 ug/dl.  They demonstrated increased latencies across click and wave 

types associated with exposure to lead.  In a later study, (Lilienthal, Winneke, & Ewert, 

1990) dosed monkeys with lead acetate, resulting in lead levels of 9 ug/dl (controls), 40 

ug/dl, and 55ug/dl.  Their analysis of BAEPs revealed �a consistent increase in latencies 

associated with blood lead levels higher than 25 ug/dl� (p. 22).  Holdstein et al. (1986) 

also detected increased latencies in 29 workers occupationally exposed to lead.  Likewise 

in a study of 22 workers exposed to lead, Discalzi, Fabbro, Meliga, Mocellini, & Capellro 

(1993) found that interpeak time was significantly more prolonged in those with higher 

blood leads.  However, in each of these studies, the reported levels of body lead burden 

were much higher than that which would normally be found in the general population.   

 

In sum, the published studies into auditory nerve morphology (Yamamura et al., 

1987, 1991), hearing threshold (Repko, Morgan & Nicholson, 1979: Robinson et al., 

1987; Schwartz & Otto, 1987; Schwartz & Otto, 1991), and brainstem evoked potentials 

(Chiappa, 1990) have reported a linear relationship between PbB and these factors.  

These findings alone should be sufficient to warrant further investigation into the effects 

of lead on auditory processing.  Direct physiological measures such as auditory nerve 
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morphology and evoked potentials are important in understanding the sensory 

mechanisms of lead-induced deficits.  However, if lead has an effect at this level, then the 

consequences might also be observable through measures of central auditory processing.  

Research into auditory reaction time is one of the main ways the integrity of central 

auditory processing has been assessed.  This work will now be reviewed. 

 

2.8.2 Auditory Reaction Time 

One way to measure the integrity of CNS functioning is through measuring reaction 

time.  Reaction time has been used frequently to measure the integrity of the visual 

processing system in lead research .  However, this approach has been mostly overlooked 

with respect to auditory processing.  The following section will review studies of simple 

reaction times in lead-affected persons.  Most of these studies have measured visual 

reaction times.  Whilst this is hardly a direct comparison, it is unavoidable due to the 

small number of studies of the effects of lead on auditory reaction times.  

 

2.8.2.1 Reaction time in children 

Reaction time in humans has been found to be directly related to blood lead in a 

number of cross-sectional studies (Needleman et al., 1979; Hunter et al., 1985; Hatzakis 

et al., 1987; Minder, Das-Small, Brand, & Orlebeke, 1994; Winneke et al., 1985, 

Winneke et al., 1989).  Yet, a number of other studies have reported no association 

(Bellinger, Hu, et al., 1994; Harvey et al., 1988; Needleman et al., 1996; Winneke at al., 

1983a; Winneke at al., 1983b; Winneke at al., 1990; Winneke et al., 1994). 
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Needleman et al. (1979) using dentine lead to measure lifetime lead exposure, 

tested children�s reaction times to an auditory tone across 2 intervals of delay (3 seconds 

and 12 seconds).  In this test there were 4 blocks of reaction time testing.  Needleman et 

al. reported lead-induced impairment at blocks 2, 3, and 4, but not at block 1.  They 

suggest this pattern as evidence that the ability of subjects with high lead levels to sustain 

attention was clearly impaired.  Hunter et al. (1985) sought to replicate the Needleman et 

al. (1979) findings with 302 children from Leeds, UK.  These children were considered at 

risk of high lead exposure.  As in the Needleman study, reaction time was measured by 

the time to take a finger off a button after the presentation of a pure tone.  Hunter et al. 

reported that the high-lead children�s reaction times were significantly slower than the 

low-lead children. 

 

Needleman et al. (1990) found a relationship between the dentine lead and visual 

reaction time of both the preferred and non-preferred hand of children.  After control for 

confounders these associations were significant for only the preferred hand, and not the 

non-preferred hand.  Minder et al.�s (1994) study of 43, 8 to 12-year-old boys from a 

special school, found that children with a relatively high concentration of lead in their 

hair exhibited significantly slower visual reaction times than low-lead children. 

 

Winneke conducted a series of reaction time studies using the Vienna Reaction 

time device.  This device tested reaction time to visual and auditory stimuli across 180 

trials.  The signal rate of this device could be varied to match the level of difficulty of the 
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task to age level of the child.  Unfortunately in many of the Winneke studies of reaction 

time, reaction time itself was not reported or analysed, usually data from these studies 

was in the form of percentage of correct responses, percentage of false responses and 

percentage of late responses.  Using this paradigm Winneke et al. (1985) found a 

significant performance deficit with increasing PbB is apparent for present and maternal, 

but not for cord blood PbBs.  The effects were most pronounced for errors rather than 

correct responses.  In a later analysis of data from the Nordenham and Stolberg samples, 

Winneke et al. (1989) found that the number of errors in the reaction time task was 

significantly related to PbT.  Again they did not report simple reaction times. 

 

While the above studies have reported a significant relationship between reaction 

time and lead, other studies have not.  Other early Winneke et al. (1983a, 1983b) studies 

have not reported effects.  The Winneke et al. (1983a) study with 89, 9-year-old children 

found an association between lead exposure and reaction time.  However, after 

controlling for confounders such as parental education, this was no longer significant.  

Whilst the number of correct responses and late responses did not vary significantly with 

PbT, after partialling out all the significant covariates, the number of false responses did, 

in a near significant manner.  The Winneke et al. (1983b) study found a similar pattern of 

results with a sample of 317, 8-year-old children.  They reported that lead exposure had a 

non-significant detrimental effect on reaction time.  Again, they noted a significant 

increase in the number of false responses.  However, after controlling for covariates this 

was no longer significant. 
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Winneke et al. (1990) in their European Multicenter Study, and their later study of 

visual reaction times found no effect of lead level (either dentine or concurrent PbB) on 

simple visual reaction time after controlling for potential confounders.  Similarly, 

Winneke et al. (1994) when they tested the simple visual reaction times of 367, 6-year-

olds found no significant relationship between reaction time (msec) and PbT or PbB.  

Harvey et al. (1988) found no relationship between reaction time and high lead in 118, 

5.5-year-old children in the first 4 trials of visual reaction time, but did in the 5th and 6th 

block of visual reaction time testing. 

 

Bellinger, Hu, et al. (1994) measured reaction time a part of their �sustain 

attention� factor.  In this study they reported no relationship between PbBn or PbD and 

this factor in the 80 adolescents tested.  Also using PbBn as their measure of exposure 

Needleman et al. (1996) reported that the reaction time of 301 boys, after control for 9 

covariates was not significantly related to lead exposure. 

 

In sum, the results from studies of visual and auditory reaction times in lead 

affected children is somewhat equivocal.  Of the published studies, approximately half 

have reported significant associations, and half have not.  In both categories, however, 

many studies report equivocal findings, with associations at some stages, or types, or 

levels of the reaction time tasks, but not with others.  Frequently the significant findings 

reported were not strong, and in others the significant findings disappeared after control 

for covariates. 
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2.8.2.2 Occupational Exposure and Visual Reaction Time 

Studies of occupationally exposed lead workers have also produced inconsistent 

findings on the relationship between inorganic lead exposure and simple visual reaction 

time performance.  In Solliway, Schaefer, Perez, Mittelman, Pratt, & Yannai�s (1995) 

study of 21 lead-exposed workers and 40 controls, participants were exposed to a 

computer screen on which black digits (1-9) randomly appeared on a white background.  

The subjects were required to respond to the target number (e.g., 4) as quickly as 

possible.  The authors reported longer visual reaction times in the lead-exposed group, in 

a dose dependent fashion.  Later Stollery (1996) investigated the visual reaction times of 

70 workers occupationally exposed to lead.  In this study workers were asked to press a 

central disk in response to the illumination of one of five peripheral lights on a stimulus 

display.  The data was controlled for age and level of work autonomy.  Their analysis 

revealed impairments in simple response times as a result of increased lead level. 

 

Bleecker, Lindgren, Tiburzi, and Ford (1997) found the simple visual reaction 

times of 78 workers exposed to occupational lead were related to PbB, but not to PbBn.  

The participants in this study were required to respond to the presentation of a red square 

on a standard computer as quickly as possible by pushing the space bar.  Confounders 

included in the analysis were age, education, depressive symptomatology, alcohol 

consumption, and peripheral nerve conduction.  This study found an inverse relationship 

between PbB and median reaction time that persisted after controlling for potential 

confounders. 
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Work with occupationally exposed adults has produced similarly ambiguous 

findings to the work with children.  Bleecker et al.�s (1997) review of 13 studies of lead 

effects on visual reaction time of those occupationally exposed to lead, found only 7 

examples of simple reaction time slowing in lead exposed groups.  Interestingly, in only 4 

of these studies was the slowest reaction time in the highest lead group.  Of the remaining 

6 studies, 4 reported no significant difference in simple reaction time between lead 

exposed group and controls, and 2 reported faster reaction time in the lead exposed 

groups. 

 

In sum, the studies of reaction times in lead-exposed children and occupationally-

exposed adults have produced inconsistent findings.  Almost precisely half the studies 

report results suggesting lead does have an effect on reaction times, and the other half 

report no effect.  This fifty-fifty split is consistent across child and occupational studies.  

It is difficult to explain such a pattern of results.  It is possible that the difference may 

stem from differences in the level of CNS processing required for the different stimuli 

presented in each of the studies.  It would seem that responding to a light, or selectively 

to a certain shape or number, may be tapping into different levels and types of CNS 

processes. 

 

The reaction time tests in these studies have been quite different.  The reaction 

time tasks varied by type of stimuli (visual, auditory, visual + auditory), the number of 

trials, or blocks of processing (1 to 6 blocks of testing, 20 trials to 180 trials), type of 

delay (fixed, variable, or subject controlled), required task (press button, release button, 
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choose and press different types of buttons), and the level of processing required (respond 

to simple tone, respond to flashing light, respond to a particular number but not others, 

respond to colours, respond to shapes, respond to certain colours within shapes).  Upon 

consideration, the diverse pattern of results from the reaction time studies is perhaps not 

surprising.  In fact, the demand requirements of the tests can vary so widely it is difficult 

to conceive of them as the same task. 

 

Despite the diversity of designs on reaction time tasks, some deficits associated 

with lead exposure seem to re-appear in the literature.  Impairments in inhibition 

mechanisms, such as responding during the delay interval, or responding to the wrong 

stimuli, have frequently been noted (Needleman et al., 1979; Winneke et al., 1983a; 

Winneke et al., 1983b; Winneke et al., 1985; Winneke et al., 1989).  In fact, some of the 

later Winneke et al studies ceased reporting reaction times per se and only reported 

percentage of false responses, correct responses and late responses.  Deficits in sustained 

attention have also been repeatedly reported, with deficits evident at later, but not earlier 

trials of the same task (Harvey et al., 1988; Hunter et al., 1984; Needleman et al., 1979; 

Winneke et al., 1990; Winneke et al., 1994).  Finally, many studies have reported that 

lead-related deficits only became evident at higher levels of difficulty (Solliway et al., 

1995; Stollery, 1996; Winneke et al., 1989).  Unfortunately, the design of most studies 

does not allow them to consider all of the above factors.  The auditory processing tasks 

used in the present project, in addition to testing auditory reaction time, allowed for the 

consideration of the above factors.   
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2.8.3 Complex Auditory Processing 

Effective auditory processing in the real world requires the individual to hear, 

attend, process, and (if necessary) respond to key auditory stimuli, whilst simultaneously 

processing, screening out, and inhibiting responses to irrelevant auditory stimuli.  In 

homes and classrooms, children are routinely placed in this sort of situation.  This is quite 

dissimilar to the controlled environment of a testing room during an experimental trial.  

Complex auditory processing requires the individual to not only respond to auditory 

stimuli, but to inhibit responses to competing, irrelevant stimuli.  If the ability to learn is 

related to the ability to effectively manage visual and auditory processing, then 

impairments in auditory processing could be the precursors to impairments in learning.  

The following studies have investigated complex auditory processing in children and 

animals.  Whilst there have been numerous studies of verbal cognitive abilities and verbal 

IQ (reviewed in section 2.5), far fewer have attempted to measure auditory processing in 

children, as distinct from verbal intelligence.  

 

2.8.3.1.Child Studies 

A number of studies have indicated that lead exposure in young children has 

detrimental effects on language-related behaviours.  Needleman et al. (1979) reported 

lead-affected children had problems in sentence repetition, and on verbal subtests of the 

WISC-R.  They also reported problems on the verbal subtests, the Seashore Rhythm Test, 

(which requires the subjects to discriminate whether pairs of tone sequences of increasing 

complexity are alike or different,) the Token Test (which requires the child to manipulate 
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tokens in response to uttered instructions) and the Sentence Repetition Test (in which the 

child is asked to repeat previously uttered sentences of increasing complexity 

 

Dietrich et al. (1992) noticed 5-year-old children with a history of higher prenatal, 

neonatal and postnatal lead levels performed significantly worse than those with normal 

lead levels on auditory processing abilities on the Filtered Word subtest of the Screening 

Test of Auditory Processing Disorders (SCAN).  On the SCAN, children were required to 

complete the Auditory Figure-Ground Subtest (AFGS) and the Filtered Word Subtest 

(FWS).  The AFGS requires children to identify words from a background of multi-talker 

babble.  The FWS presents words with part of the acoustic spectrum missing, requiring 

the child to fill in the missing information.  After adjustment, none of the associations 

between AFGS score and the PbB level remained significant.  Conversely, FWS 

performance remained significantly inversely related to foetal and postnatal PbB after 

adjustment for the relevant developmental covariates.  This pattern of results was found 

even if the listener had normal intelligence, hearing sensitivity, and hearing thresholds.   

 

On the SCAN, auditory processing disorder is characterised by difficulties in 

perceiving speech when the signal is less than optimally present, for example, due to 

background noise.  The authors suggested that the results of the SCAN test indicated that 

lead exposed children have a central auditory processing deficit that may contribute to 

impaired learning.  The authors suggested that the difference in significance between the 

FWS and the AFGS might be explained by the different nature of the two tasks.  That is, 

while the AFGS is imitative, the FWS has a distinctive cognitive component in which the 
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child must fill in missing auditory information.  Therefore, they argue that this task tests 

language based cognitive skills not �pure� auditory perceptual abilities as such. 

 

Mayfield�s (1983) review concluded that some speech and language difficulties 

were related to lifetime PbB.  However many of the studies she reviewed were measuring 

verbal intelligence, not auditory processing.  An unpublished study by Dietrich et al. 

(1987a, reported by Davis et al., 1990) found that children failing two or more subtests of 

a developmental language assessment had significantly higher pre and post natal blood 

lead levels. 

 

In sum, the few studies that have been conducted in this area have consistently 

showed an association between elevated lead levels and auditory and verbal processing.  

This was most noticeable on tasks of increasing complexity and those requiring language 

based cognitive skills. 

 

 2.8.3.2 Primate Studies 

In two related experiments on rhesus monkeys, Molfese et al. (1986) and Morse et 

al. (1987) investigated the effects of lead exposure on the neurophysiological correlates 

of categorical speech perception.  In these studies, monkeys were exposed prenatally or 

neonatally to moderate levels of lead.  Auditory evoked potentials were measured in 

response to human phonemes, such as �g� sound versus �d� sound.  The postnatally 

exposed group showed slower latencies in making the categorical discriminations. 
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Molfese et al. (1986) conducted this study to 1) assess brain organisation for 

categorical perception of speech sounds in monkeys, 2)  determine the extent to which 

this resembles that found in humans and, 3) investigate differences in perception of 

speech category between monkeys exposed to subclinical levels of Pb and controls.  Lead 

in this study was administered as lead acetate.  There were 3 levels of exposure: pre-natal 

exposure, post-natal exposure, and control.  The dosing of the pre-natally exposed group 

lead acetate began 2 months prior to mating and continued until birth.  The 4 prenatally 

lead-exposed monkeys� dams were given lead acetate solutions of 10 mg/kg/day resulting 

in blood lead levels of 50 ug/dl in the offspring at birth, decreasing to about 30 ug/dl at 

weaning.  The post-natally exposed groups dams were administered lead acetate after 

birth, resulting in offspring levels of approximately 55 ug/dl throughout lactation.  The 

control group�s PbB�s were recorded at less than 7 ug/dl throughout lactation. 

 

The experiment was conducted at approximately 1-year post-partum at which 

time the PbB levels were 7.2, 10.4 and 16.0 ug/dl for the control, prenatal and postnatal 

groups respectively.  The verbal discrimination task was to discriminate between the 

sound �gae� and �dae�, a task at which adult monkeys reliably succeed.  Their results 

indicated that the presence of lead in the CNS early in development, dramatically alters 

the neurocortical processes involved in the categorical discrimination of speech sound.  It 

seemed that both prenatal and postnatal lead exposures altered the pattern of speech 

discrimination normally found in 1-year-old rhesus monkeys.  Whilst non-exposed and 

normal monkeys used the right hemisphere for speech discrimination, the lead-exposed 

monkeys used the left hemisphere.  This left hemisphere pattern was similar to that 
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observed in 1-month-old rhesus monkeys.  The authors argued that the observed 

differences formed part of a pattern of developmental delay.  That is, lead exposure was 

associated with a pattern of performances similar to a delay in the development of 

auditory processing.  Their results also suggested that the stage of development at which 

the brain is exposed to Pb could lead to different patterns of neurocortical processing. 

 

These results are similar to results found in Rice�s (1985) study of discrimination 

learning and learning reversals in monkeys.  This pattern of responding by the lead-

exposed group is also similar to the developmental pattern found in six-month-old 

monkeys reported by Rice (1988).  Laughlin et al. (1995) also found lead-induced higher 

order auditory processing deficits in monkeys.  On this basis, it is possible that lead 

exposure produces a developmental delay in the brain�s organisation for speech 

processing or, alternatively, leads to a compensatory reorganisation of the brain�s 

mechanisms as a response to selective lead-induced neural damage. 

 

In sum, the results from the small number of child and primate studies conducted 

consistently indicate the adverse effects of lead on higher order auditory processing; 

under normal and distorted listening conditions.  Given this, and combined with the 

evidence of adverse effects of lead exposure on auditory processing at the 

morphological/peripheral levels, it is surprising that more studies investigating the 

relationship between lead exposure and complex auditory processing have not been 

reported. 
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2.8.4 Summary 

Much more work needs to be done to clarify the relationship between the level of 

lead exposure, age of exposure and the effects of PbB on auditory processing.  Based on 

their review of the effects of lead on sensory function, Otto and Fox (1993) indicated the 

need for studies into complex auditory stimuli to help clarify the effects of lead exposure 

on central auditory processing.  Importantly, some studies (eg Dietrich et al., 1992) 

demonstrate the adverse effects of lead on higher order auditory processing, under normal 

and distorted listening conditions.  This raises the possibility that learning may be 

impaired in children due primarily to lead-induced alterations in auditory discrimination 

and processing.  The evidence suggests that impairments to auditory processing are not 

due to hearing loss or damage to peripheral sites, but to impairment at higher levels of 

auditory processing. 

 

Whilst studies of lead effects on reaction times have produced inconsistent 

findings, results from studies of auditory functioning have produced a more consistent 

pattern of results, across different types (nerve morphology, evoked potentials, etc) of 

studies.  These findings indicate auditory processing as an area worthy of further 

investigation.  Combining an emphasis on auditory functioning with measures of reaction 

times and attention, the present study investigated auditory processing with a focus on 

auditory processing reaction times. 
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2.9 Conclusion 

From the preceding review of studies into the effects of moderate and low-level 

lead exposure on neurological functioning, the following conclusions can be made.  With 

respect to cellular and animal studies, lead exposure 

1. interferes with the production of protein kinase C, blocks NMDA receptors and 

changes dopaminergic responses 

2. has a deleterious effect on animal learning, leading to performance deficits in 

discrimination learning and retention of learning 

3. leads to changes in animal behaviour, specifically, increased activity rate, increased 

response variability and greater response disinhibition 

 

With respect to the consequences of early childhood exposure to environmental 

lead, well designed studies  

4. have fairly consistently shown direct, deleterious effects on children�s global 

cognitive abilities, and 

5. have repeatedly shown behavioural disturbances such as attentional difficulties, 

impulsivity and distractability to be associated with elevated body lead levels. 

 

Considering the results of animal and human studies together, the evidence for the 

deleterious effects of lead on global cognitive abilities and behaviour is strong.   

 

On the other hand there is still a lack of clarity about 
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1. the precise toxicological and neurological mechanisms through which lead affects  

children�s global cognitive abilities and behaviour.  However the answer to this 

question is probably not near at hand.  With the different cell phenotypes, at least 

10 neurotransmitters and 9 neuro-maturation processes (occurring at different 

times), measuring the effects of lead on each of these cell types, transmitters and 

processes (not to mention their interactions) in humans is extremely difficult with 

the technologies available at present. 

2. The effects of low and moderate lead levels on children�s cognitive functioning 

are now well documented, but the effect of very low levels (<10 ug/dl) of lead on 

cognitive functioning is still unclear.  There are some preliminary indications that 

lead effects may (per unit dose) be greater at very low levels than at moderate 

levels.  However research to confirm/disconfirm this is yet to be reported. 

3. Whilst there is strong evidence for the effect of lead on both global cognitive 

abilities and behaviour of children, the link between lead effects on cognitive 

abilities and behaviour (especially attention) is yet to be explored. 

 

The first question of the precise neurological mechanisms of lead effects is 

beyond the methodology and scope of the present project.  Likewise, due to the lead 

levels evident in this sample it is not possible in this project to address the second 

question of the effects of very low lead levels on children.  With respect to the third 

question, the evidence for the deleterious effects of body lead burden on children�s global 

cognitive abilities and behaviour is compelling.  Yet despite this, the relationship between 
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these two domains has not been systematically explored within the same study. This was 

the aim of the current project.   

 

Specifically this project will investigate the extent that auditory processing and 

attentional behaviour account for the impairment in children�s cognitive abilities 

associated with increased body lead burden. 

 

This research problem was considered via the investigation of a number of 

specific research questions. 

• To what extent is performance and attention in simple auditory processing tasks 

impaired by early childhood exposure to environmental lead?  This question will be 

investigated by examining the effect of lead on children�s performance in a simple 

auditory processing task which makes limited demands on children�s auditory 

processing and attentional abilities (Study One).  

• To what degree is complex auditory processing and attentional behaviour impaired 

due to early childhood exposure to lead?  This question will be addressed using a more 

difficult auditory processing situation than used in Study One, designed to also test 

continuous attention and freedom from distractability (Study Two). 

• Can lead-induced impairments of attentional behaviour be observed in non-

experimental contexts such as home and school?  This question will be considered 

through the collection and analysis of teacher and parent reports of the behaviour of 

this cohort of children with a particular focus on distractability and impulsivity (Study 

Three). 
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• To what extent are impaired auditory processing and behavioural ratings of attention 

related?  In this study the relationships between children�s performance in the 

experimental auditory processing situation and teacher and parent reports of 

attentional behaviour will be examined (Study Four). 

• Using the data from these first four studies the central question of this project will be 

addressed.  That is, to what extent can lead-induced deficits in children�s global 

cognitive abilities be explained by impairment to auditory processing and attentional 

abilities?  This question will be addressed through examination of residual effects of 

lead on IQ after controlling first for social, developmental and anthropometric 

covariates, and then children�s performance in auditory processing experiments and 

ratings of their attentional behaviour (Study Five). 

 

Theoretically, understanding the relationship between lead, behaviour and IQ 

would help provide direction to researchers investigating the mechanisms by which lead 

impairs cognitive function.  If lead�s effect on attentional behaviour can account for the 

lead-induced global cognitive abilities then the focus of future research should also be on 

models and mechanisms of attention.  The mechanisms of attention are more 

neurologically specific and circumscribed than the mechanisms of global cognitive 

abilities.  In this respect addressing this question could provide valuable new directions 

and information for researchers.  Increased research focus on attention also has the 

advantage of the ease of the development of analogous tests of attention for use in animal 

and human studies in a way not possible with global cognitive abilities.  In this respect 

the cooperation between, and alignment of, animal and human research offers the 
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potential for the advancement of our understanding of the mechanisms of lead 

neurotoxicity. 

 

Practically, a better understanding of the way the effects of lead exposure might 

manifest in children would aid in the selection and development of better methods of 

screening, assessment and diagnosis of lead intoxication.  It would also help structure a 

framework for treatment and rehabilitation of the effects of lead exposure.  Finally, 

research such as this is important in the promotion of the case for the prevention of lead 

exposure. 

 

Methodology and Limitations of Previous Research 

Studies on the effects of lead on children�s abilities, if they have limitations, have 

generally fallen short across one or more of three areas.  First, they have used a single 

measure of lead exposure, often taken well into childhood.  As previously discussed, this 

may disguise a very different history of lead exposure (and lead effects).  Studies of 

rodents and non-human primates with identical lead levels at the time of ability testing 

have shown performance deficits related to prenatal and/or neonatal lead exposure 

(Bushnell & Bowman, 1979b, Rice, 1989; Winneke et al., 1989). 

 

The second limitation relates to inadequate control for potential confounders.  

This is a key component of lead research as many factors such as the quality of the home 

environment and SES covary with lead and intelligence.  Related to this, some studies 

have controlled for confounders measured at the time of testing, but not prospectively 
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throughout critical developmental periods.  The final major methodological limitation 

relates to the selection of tests, particularly tests of specific abilities.  Often the tests used 

have only tested within a narrow range of difficulty (easy or difficult).  These differences 

are probably telling, as both animal and human studies have shown lead effects at 

moderately difficult but not easy levels of a task (Cory-Slechta, 1999; Cory-Slechta & 

Thomson, 1979; Rice, 1985; Winneke et al., 1988).  Variation in task difficulty provides 

one explanation for the diversity of findings from reaction time studies, as they vary 

considerably by degree of difficulty of the task, the duration of the test, the latencies 

between stimuli presentation and the amount of neurological processing required.  Thus 

the demands placed on the subject to attend, sustain attention and to process stimuli also 

vary considerably.   

 

The diversity of findings from the reaction time studies may also relate to their 

failure to account for attention.  The pattern of results from many reaction time studies 

could be explained by considering the effects of lead on attentional behaviour.  For 

example, in many studies deficits were only evident on tasks requiring inhibition of 

responses or sustained attention.  In others, lead-related deficits became evident only on 

more difficult tasks or those that required the executive management of attention. 

Selection of Tests 

This study seeks to examine the link between global cognitive abilities and 

behaviour.  Selecting tests of global cognitive abilities is relatively straightforward, but 

effectively measuring attentional behaviour presents a challenge.  On one hand, parent 

and teacher rating scales have shown lead-induced changes to children�s behaviour, but 
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they are influenced by observer bias, social background and other confounding variables.  

On the other hand, experimental tests of specific abilities whilst less subject to bias, often 

do not detect lead effects.  In this study, both parent and teacher ratings of behaviour and 

experimental tests of auditory processing and behaviour were used.  Behaviour rating 

scales were used due to their proven sensitivity to lead effects, and auditory processing 

tasks were selected as the experimental test for the following reasons: 

1. they are capable of providing a wide range in the level of difficulty, 

2. they require the child to process the incoming stimuli at a higher level of CNS 

processing, and 

3. they require the child to manage their attention, sustain attention, and to inhibit 

inappropriate responding. 

 

Design Characteristics of Current Project 

A review of studies examining the effects of lead on children�s behaviour and 

abilities reveal the need to use multiple measures of lead exposure, to control for a range 

of confounders, and select tests which optimally tax the CNS.  The current study 

attempted to address these and other methodological challenges by  

1. Using a measure of lead exposure, which summarises the child�s lifetime lead 

exposure (based on blood samples collected at birth and repeatedly until the time 

of testing at age 7 years). 

2. Prospectively measuring and controlling for a variety of potential confounders. 

3. Using tests which assess ability across a wide range of difficulty (to minimise 

possible floor and ceiling effects). 
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4. Using multiple measures of attention, including experimental tasks, teacher 

reports and parent reports. 

 

Using this methodological foundation the present study investigated the ability of 

lead-induced deficits in attentional behaviour to account for the observed lead-related 

variance in IQ scores of 7-year-old children. 
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CHAPTER THREE.  THE PRESENT STUDY 
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3.1 Introduction 

3.1.1 Background to the Port Pirie Cohort Study 

Port Pirie is the site of one of the world�s largest lead smelters.  Over the last 90 

years an estimated 80,000 tons of lead have been deposited over the city.  The city lies 

approximately 200 km north of Adelaide, in a rural part of the state of South Australia.  

Port Pirie has a population of approximately 14,000 people and there is no other heavy 

industry in the city.  As such it presents a population which has been exposed to a fairly 

�pure� (sic) form of pollution. 

 

The impetus for the initiation of this study stemmed from a report by Scragg, 

McMichael, and Clark (1977) which reported the proportion of late foetal deaths in Port 

Pirie were markedly higher than for the state of South Australia as a whole.  This, 

combined with findings by Bryce-Smith, Deshpande, Hughes, and Woldon (1977) on the 

association between lead and mercury levels and increased stillbirth rate provided the 

initial justification for the study.  At first, this project was designed to investigate the 

effects of PbB on birth outcome, in particular, stillbirth rate.  Later, the investigation was 

extended to examine the effects of lead exposure on early childhood neurodevelopment. 

 

A total of 831 women were recruited into the study during the first trimester of 

their pregnancy.  The study followed these women and through their pregnancy and birth, 

and, after birth, the children to their 7th birthday.  This study is one of the larger 

prospective studies on the effect of lead on children in the world.  Based on census data, 
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approximately 90% of all children born in Port Pirie and surrounding small towns during 

the 3-year recruitment period enrolled in the study.   

 

The major findings of the Port Pirie Cohort study have been presented elsewhere.  

So far the study has reported results on pregnancy (Baghurst et al., 1987), pregnancy 

outcome (McMichael et al., 1986; Baghurst et al., 1987), childhood blood lead 

concentrations (McMichael et al., 1985), visual motor integration (Tong et al., 1994) and 

the effect of lead on children�s cognitive abilities (Baghurst et al., 1992; McMichael et 

al., 1988; Wigg et al., 1988).  The project being reported in this thesis represents an 

investigation into the effects of lead on auditory processing, children�s behaviour and 

their influence on IQ, conducted when the children were approximately 7 years of age. 

 

Method 

3.2 Participants 

831 women were initially enrolled into the study.  646 of these women were 

recruited from the city of Port Pirie.  The remaining 185 participants were enrolled from 

the surrounding rural towns of Crystal Brook, Gladstone, Laura, and Port Broughton.  

These towns lie between 27-55 km distant from Port Pirie.  Cereal cropping and sheep 

grazing are the primary agricultural pursuits in these areas.  From the original cohort of 

831, there were 745 live births.  This study followed these families from about 16 weeks 

gestation until after their 7th birthday.  492 completed behaviour questionnaires were 

collected at age 7. 
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Figure 3.1.  Sources of attrition in the Port Pirie cohort study between the ages of 20 

weeks gestation and birth. 

 

3.3 Materials  

3.3.1 Lead Measures 

Blood was collected into heparin, and blood lead (PbB) was estimated by atomic 

absorption spectrometry with electrothermal atomisation after standard complexing and 

extraction of lead.  The lead estimations were made by complexing the lead with 

ammonium pyrrolidine dithiocarbanate and extraction into 4-methylpentan-2-one.  PbB 
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values were standardised to a packed cell volume of 35% for pregnant women, 50% in 

cord blood, and 35% in children.  The blood lead assay performed in the study was 

subject to the internal quality control procedures in place at The Adelaide Hospital for 

Women and Children (McMichael et al., 1984).  The laboratory also took part in 3 

external quality control programs for the measurement of blood lead:  The program 

conducted by the CH6 Committee of the Standards Association of Australia, 

Pennsylvania�s Department of Health �Lead Proficiency Testing Survey�, and the 

Wolfson Research Laboratories (Birmingham, United Kingdom) �National Quality 

Control Scheme�. 

 

3.3.2 Global Cognitive Measures 

The Weschler Intelligence Scale for Children - Revised 

The Weschler Intelligence Scale for Children-Revised (WISC-R) was used as the 

measure of child intelligence.  The WISC-R is an individually administered assessment 

of the intellectual ability for children aged 6 to 16 years.  It consists of 12 subtests, each 

measuring a different aspect of intelligence.  The child�s score on these subtests is 

summarised into Performance IQ, Verbal IQ and a Full Scale IQ scores.  The WISC-R 

has been normed and standardised in the US on a sample stratified by age, race, gender, 

ethnicity, geographic region, and parent education.  The full scale scores are standardised 

to a mean of 100, and a standard deviation of 15. 

 

The split-half reliability for the Full Scale IQ ranges from .94 to .96.  The 

Performance IQ and the Verbal IQ split-half reliabilities have been reported as .89 to .91 
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and .92 to .96 respectively (Weschler, 1988).  The reported standard error of 

measurement was between 2.6 to 3.67 across the various age ranges.  Weschler reports 

the test-retest stability at .92 and .95.  Weschler claims � interscorer agreement between 

all subtests excluding Similarities, Vocabulary and Comprehension averaged in the high 

.90�s� (1991, p. 173). 

 

The WISC-R is one of the most widely studied tests in the history of psychology 

and hundreds of articles have been written and published on its psychometric properties.  

The manual (1991) reports good concurrent validity with the WPPSI-R, the WAIS-R, and 

the Stanford-Binet, with correlation coefficients between it and these tests ranging from 

0.82 to 0.96.  This is indicates good concurrent validity.  The predictive validity of the 

WISC-R is also reported as being very good with coefficients ranging from .70 to .80 

with other IQ tests (Kaufman, 1990), and 0.57 with the Wide Range Achievement Test 

(Braden & Paquin, 1985). 

 

The relatively high correlations reported within the verbal and performance 

subtests compared to the correlation between these subtests, provides evidence of the 

convergent validity of the test, and discriminant validity is supported by the lower 

correlations of verbal subtests with performance subtests.  Factor analyses revealed 

factors of verbal comprehension, perceptual organisation, freedom from distractability 

and processing speed (Braden & Paquin, 1985).   
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Overall, the data provide solid support for the validity and reliability of the 

WISC-R as a measure of the intellectual functioning of children. 

 

Weschler Adult Intelligence Scale -R 

The Weschler Adult Intelligence Scale - Revised (WAIS-R) was used as the 

measure of maternal intelligence.  It is extensively used as a measure of adult intellectual 

ability in the USA, UK, Europe and Australia.  The WAIS-R is composed of 11 subtests, 

5 nonverbal and 6 verbal.  Administration time for the entire battery of subtests takes 

approximately 1 hour.   

 

The WAIS-R has been extensively standardised.  The standardisation sample of 

1,880 was stratified by gender, race, geographic region, and age.  Based on the US 

standardisation data, the test has a mean of 100 and a standard deviation of 15.  As one of 

the most widely used tests in psychological practice and research, the amount of research 

on the statistical properties is impressive.  The reliability estimates for the 11 subscales 

range from 0.68 to 0.96, with only two subscales recording reliability of less than 0.82.    

The test-retest reliabilities (2 to 7 weeks) are also high, ranging between 0.67 and 0.95.  

Again only two scales rated below 0.82. 

 

Concurrent validity was tested with a group of 16-year-olds on the WISC-R and 

the WAIS-R.  The correlation between the two tests was 0.89 for Verbal IQ, 0.76 for 

Performance IQ, and 0.88 for the Full Scale IQ.  More than 80 studies were carried out in 

a 15-year period comparing the WAIS-R to other measures of intelligence.  Findings 
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from this work confirm its sound psychometric properties. 

   

3.3.3 Environmental Measures 

Home Observation for Measurement of the Environment (Elardo & Bradley, 1981) 

The Home Observation for Measurement of the Environment (HOME) inventory 

was used to measure of the quality of the child�s home learning environment of the 

children in this study at ages 3 and 5 years.  It contains items clustered in six subscales: 

1. Emotional and Verbal Responsivity of Mother 

2. Avoidance of Restriction and Punishment 

3. Organisation of Physical and Temporal Environment 

4. Provision of Appropriate Play Materials 

5. Maternal Involvement with Child 

6. Opportunities for Variety in Daily Stimulation. 

 

The HOME is administered in the child's home with information supplied by the 

child's primary caregiver.  Observational information is simultaneously collected by the 

test administrator. 

 

Elardo and Bradley (1981) reviewed research in which the HOME was used to 

assess the quality of a child�s home environment.  The high concurrent validity of the 

HOME has been reported in studies comparing it with an 8-month health visit to a 

paediatrician (Casey et al., 1993), the Science Associates Achievement Test Battery 

(Bradley et al., 1986), the Infant Behavior Record (Bradley & Caldwell, 1981), IQ, SES 
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(Bradley & Caldwell, 1979; Hollenbeck, 1978), a screening IQ test (Bradley & Caldwell, 

1977) and the Stanford-Binet (Bradley & Caldwell, 1976). 

 

The predictive validity of the HOME has been reported by Casey et al. (1993) 

comparing early HOME assessment and Stafford Binet scores at age 3 years.  Bradley et 

al. (1986) assessed children�s environment (4-36 months) with the HOME and followed-

up these children at regular intervals until 11 years of age.  They found high correlations 

between HOME scores and measures of cognitive abilities and school achievement 

throughout these years.  In a similar study, Bradley et al. (1984) found the HOME scores 

from the first 2 years of a child�s life were significantly correlated with intelligence test 

scores at 3 and 41/2 years and achievement scores in Grade 1.  Earlier in 1976, Bradley 

and Caldwell found that HOME scores from the first 2 years of life were strongly 

correlated with Stanford-Binet test scores at age 54 months.  Johnson et al. (1993) 

conducted a study in which they found that the HOME added to the predictive ability of 

intelligence, over and above that added by SES. 

 

Bradley and Caldwell�s (1979) revision of the scale reported Chuddar-Richardson 

20 coefficients of the scale ranging from 0.53 to 0.93.  Mitchell and Gray (1981) in their 

study of 144 mother infant dyads found the total scores on the HOME to be consistent 

over time, (although the subscales were less so).  Huber (1983) conducted a wide-ranging 

review of the construction and psychometric properties of the HOME and concluded that 

the HOME is a valid and reliable instrument.   
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3.3.4 Behavioural Measures 

Conner�s Parent Rating Questionnaire and Conner�s Teachers Rating Scale 

Two versions of the Conner�s Behavior Rating Scale were used in this study: The 

Parent Rating Scale and the Teacher Rating Scale (Conner�s et al., 1973).  The Teacher 

Rating Scale was completed by the teachers at the time of the 7-year neuropsychological 

assessment.  The Conner�s Parent Rating scales were completed by the parents of the 

Cohort study children at the time of their child�s 7 year nurse interview and blood 

collection.   

 

The Conner�s Scales have been adapted for use in Australia by Glow (1978, 1981, 

1982, 1987).  This adaptation was piloted at the Adelaide Children�s Hospital and then 

normed on a sample of 1,919 Adelaide school children aged between 5 and 12 years, 

stratified by age, gender, race, and SES.  The normative data from this study was very 

similar to the US and UK sample with the exception that the Australian data revealed 

fewer �troublesome concerns� for Australian boys. 

 

Means, standard deviations, and cut-off points for North American children have 

been reported by Goyette and Conner�s (1978) on 570 children; Trites et al. (1983) from 

their study of a random stratified survey of 9,583 school children; and Pelham et al.�s 

(1989) study of 608 Iowa school children.  Trites et al. reported good internal consistency 

and random split half reliability scores. 
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The test-retest reliability of the Conner�s TRS has been tested in numerous 

studies.  Luk et al.�s (1988) study of 608 children reported 92% inter-rater reliability and 

good test-retest reliability.  Brandon et al. (1990) measured teacher retest reliably over 3 

occasions with 60 teachers viewing videotapes of 3 children.  They found that practice 

effects and teachers� expectations did not play a significant role in the ratings and 

concluded that the findings supported the reliability of the Conner�s Teacher Rating 

Scales.  Glow, Glow, and Rump (1982) found the one-year test-retest reliability of the 

PRS to be moderate to high, with coefficients ranging from 0.53 to 0.71 across the 

subscales.  Whilst they found the Teacher Rating Scale to have slightly lower reliability 

coefficients, they all ranked in the moderate to high level.  Milich, Roberts, Loney, and 

Caputo (1980) found a repeated measures reliability index of 0.91 on the hyperkinesis 

scale and between 0.63 to 0.91 on the five subscales of the Conner�s.  Other studies have 

also found the Conner�s Teacher Rating Scale to be highly stable over time (Conger, 

1983; Edelbrock, 1985; Goyette, 1978).  Erford (1996) reported excellent convergent 

validity for the scale.  The findings have been supported by Robin (1996) in comparison 

to the AD/HD Self-report scale and the Achenbach Child Behaviour Checklist. 

 

Factor analyses of the Conner�s Scales have consistently reported a four primary 

factor structure of hyperactivity, conduct problems, inattentive-passive and tension (Luk 

et al., 1988; Werry et al., 1979; Wilson et al., 1988). 
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3.3.5 Auditory Processing Measures 

Simple Auditory Processing 

This computer-based test measures reaction times to auditory stimuli.  In this case 

the signals are a series of pre-identified words.  The test measures accuracy of word 

detection and speed of response to those words.  It also tests the child�s ability to inhibit 

responding to phonemic and non-phonemic distractor words.  The different trial 

conditions also allow for comparison between ipsilateral and contralateral functioning in 

each child.  This test is described in detail in Chapter 4. 

 

Complex Auditory Processing 

This test measures the quality of auditory processing in dichotic monitoring 

conditions.  Different words are simultaneously presented to each ear and children are 

required to respond to the pre-identified words and inhibit responding to distractors.  A 

full description of this test appears in Chapter 5. 

 

3.4 Procedure 

The progress of a particular child through the study and the stages at which the 

assessments of environment, developmental indices and lead exposure were administered 

are shown in Figure 3.2.  The child�s status at any particular time in the study can be 

found by locating the age of the child on the y-axis and the year of the study on the x 

axis. 
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3.4.1 Measuring Lead Exposure. 

In utero exposure to lead was assessed using the blood lead concentrations in 

venous samples collected from the mother at 16 and 32 weeks gestation.  At birth, 

maternal and cord blood samples were taken.  The maternal venous samples were 

collected from a forearm vein after the skin had been cleansed with an alcohol scrub 

(Webcol 4403) for at least 20 seconds and then allowed to dry.  10 ml of blood were 

drawn into a lead-free syringe and placed in a lead-free heparinised container.  The 

sample was then capped and mixed for 30 seconds.  The samples were subsequently 

stored at 4°C and transported to the Adelaide Hospital for Women and Children.  Here 

the sample was analysed and PbB estimations calculated.  In children, exposure to lead 

was measured via capillary blood samples collected at birth (via heel prick), 6, 15, and 24 

months, and annually thereafter until the age of 7 years (via finger prick).  

1        2        3        4        5        6        7        8        9
                        Year of Study

      7

       6
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       3

       2

        1     
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McCarthy Scales

   Home Inventory
Achenbach

              Connors Scales
Parent and Teacher Ratings

Test Battery *

(Cord and Maternal) -placenta

Collection of
deciduous teeth
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Figure 3.2.  The Port Pirie Cohort data collection schedule. 
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Capillary blood samples were collected under standardised conditions by a nurse 

carefully trained in the collection technique.  The collection technique is described in 

Australian Standard 2636 (1983).  In a validation study, conducted in metropolitan 

Adelaide by Calder, Roder, and Esterman (1986), venous and capillary PbB�s were 

compared in a sample of 47 children between the ages of 2 and 4 years.  In this study, a 

high correlation (0.97) was observed between lead levels obtained using the capillary 

sampling technique used and simultaneous venous sampling.  The difference reported 

between the two sampling procedures was less than 1 ug/dl.  In a review of studies 

examining the values and patterns of PbB obtained by various sampling techniques, 

Duggan (1983) argued that the differences between capillary and venous PbB estimations 

are much less than previously assumed. 

 
Any child with a PbB of greater than 45 ug/dl was reassessed after 30 days.  Any 

child with a PbB level 60 ug/dl or greater was referred for immediate venous sample.  If a 

PbB level over 60 ug/dl was confirmed, the child was then immediately admitted to The 

Adelaide Hospital for Women and Children for chelation treatment. 

 

3.4.2 Gathering Interview Data 

At the time blood samples were collected, a nurse-interviewer also conducted a 

standardised structured interview.  This questionnaire sought information on medical, 

demographic, residential, occupational, educational and dietary details.  In addition, 

maternal and paternal medical history, reproductive history and information on alcohol 

consumption and smoking behaviour was collected.  All interviews were carried out by 

one of four trained nurse interviewers. 
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Methodology 

Confounders are a major problem in this type of research.  Accordingly a number 

of potential confounders were measured including: SES, parental educational attainment 

(mother and father), occupation, number of children, smoking habits of parents, place of 

residence, distance from the smelter, if the father worked at the smelter (and if so, in 

which section), family composition, age, health, and quality of the home learning 

environment (HOME).   

 

3.4.3 Anthropometric Data Collection 

Details of pregnancy outcome were collected by the nurse interviewer within 3 

days of the delivery, via medical records and maternal interviews.  Data were collected 

on spontaneous abortion, pre-term delivery, late foetal death, premature rupture of 

membrane, length of labour and the birth history: placenta praevia, foetal position at 

delivery, use of oxygen, use of forceps, caesarean section.   

 

Data from the baby was also collected at this time.  This included a blood sample 

(heel prick), crown heel length, weight, and head circumference.  Gestational age was 

assessed using the Dubowitz procedure (1970).  472 of the babies were examined and 

assessed using this procedure within 72 hours of birth.  Inter-uterine growth retardation 

was assessed using gestational age and weight via Thomson�s (1968) published tables. 
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At 6 months, 15 months and every year until age 7, the child�s weight and height 

were recorded.  In addition, information relating to any medical conditions, diseases, 

accidents, or hospitalisations since the last interview/assessment was recorded. 

 

3.4.4 Analysis 

For each child the cumulative burden of body lead was estimated by trapezoid 

integration of the area under the curve of blood lead concentration.  This was used to 

adjust for unequal time periods between blood samples.  Since the blood lead 

concentrations were log-normally distributed, geometric rather than arithmetic means 

were calculated.  To reduce the effect of extreme individual values for blood lead 

measure on the statistical analysis, the logarithm of the concentration was used in all 

simple and multiple regression analysis.  The transformation of blood lead values has also 

been utilised in other prospective studies of the effects of lead on children (Bellinger et 

al., 1991; Dietrich et al., 1987; Greene et al., 1992; Wasserman et al., 1997). 

 

Simple regression analysis was conducted on measures of cognitive functioning, 

auditory functioning, behaviour, and blood lead concentrations.  Multiple regression 

analysis was also conducted.  The multivariate model contained the factors identified a-

priori as potential determinants of developmental abilities, with blood lead concentration 

as a continuous explanatory variable.  The covariates used in the final models included 

sex, birth weight, birth order, feeding style, duration of breast feeding, parental education, 

maternal age at delivery, parental smoking, socioeconomic status, quality of the home 

environment, maternal IQ and parental marital status.   
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3.5 Description of the Sample 

3.5.1 Demographics 

 
The age distributions of the 831 women presenting for the 14-20 gestation 

interview are represented in Table 3.1. 

 

Table 3.1 

Age and Place of Residence of the Study Population 

 

Place of 

Maternal age (years) 

residence <20 20-24.9 25-29.9 30-34.9 >34.9 Total 

Port Pirie 50 (7.7) 240 (37.2) 236 (36.5) 89 (13.8) 31 (4.8)  646 (100) 

Non-Port 
Pirie 

10 (5.4) 63 (34.0) 81 (43.8) 22 (11.9) 9 (4.9) 185 (100) 

 
Total 

 
60 (7.2) 

 
303 (36.5) 

 
317 (38.1) 

 
111 (13.8) 

 
40 (4.8) 

 
831 (100) 

Note. Figures in parentheses are row percentages. 

 

Several measures of social class (occupation, years of education, partner�s 

occupation, and partner's years of education) were recorded from the pregnant women in 

the study.  Table 3.2 shows the relationship between SES and PbB of mothers in this 

study.  (The following analyses relate to the 492 children who participated in these 

studies at age 7, not the 745 children for whom data was collected at birth.)  It reveals a 

consistently higher blood lead concentration among the women from the families of 

lower social status.  Wives and partners of men who were employed at the lead smelter 

had blood lead concentrations that were 19% higher than those whose partners worked 
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elsewhere.  The only factor that did not appear to bear any relationship with blood lead 

concentrations was the woman�s occupation. 

 
Table 3.2 

Mean Antenatal Blood Lead Concentrations According to Various Social Status 

Indicators 

 
Factor 

 
Mean Blood lead 

level 

Approximate 
95% confidence 

limits 

Estimated 
significance 

    

Woman�s employment   ns 

home duties 9.4 (313) 8.9,  9.6  

paid employment 9.7 (171) 9.1,  9.9  

Woman�s secondary 
education (years) 

  p =0.01 

less than three 11.1 (63) 10.04-12.23  

more than three 9.9 (403) 9.53-10.21  

Woman�s tertiary or 
trade education 

   
p <0.001 

none 10.7 (329) 10.28-11.11  

one or more 8.7 (147) 8.23-9.09  

Partner�s occupation   p <0.001 

office job 8.6 (127) 8.1,  9.0  

other job 9.8 (361) 9.5,  10.1  

Partner�s secondary 
education (years) 

   
p <0.001 

less than three 11.4 (67) 10.17-12.58  

three or more 9.6 (360) 9.28-9.94  

mother unable to say 10.8 (16) 9.44-12.21  

Partner�s tertiary or 
trade education 

  p <0.001 

none 10.8 (210) 10.27-11.42  

one or more 9.4 (255) 9.05-9.76  
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The relationship between marital status and maternal PbB is presented in Table 

3.3.  Single women had higher blood lead concentrations than those married or in defacto 

relationships. 

 

Table 3.3 

Mean Antenatal Blood Lead Concentrations According to Marital Status 

 
Factor 

 
Mean Blood lead 

level 

Approximate 
95% confidence 

limits 

Estimated 
significance 

Woman�s marital status 
 

  p <0.01 

Single, widowed, 
divorced, separated 

 

11.7(39) 10.60-12.82  

Married or de facto 
 

9.9 (439) 9.58-10.25  

 

3.5.2 Zone of Residence 

Table 3.4 portrays the strong relationship between zone of residence and maternal 

PbB.  The zone of residence has been categorised by the amount of extractable lead in the 

topsoil (see Figure 3.3) based on geographic work conducted by Tiller (1976). 

 

Blood lead concentrations in mothers were highest in areas with over 500 ppm 

lead, and lowest in areas on the outskirts of Port Pirie and beyond.  The blood lead 

concentrations of those women resident in Port Pirie was 40-50% higher than those who 

lived outside of the city.  
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Figure 3.3.  Distribution of lead in surface soils in Port Pirie (from Tiller, 1976). 

 

Table 3.4 

Mean Antenatal Blood Lead Concentrations According to Area 

Factor Mean blood lead 

level 

Approximate 95% 

confidence limits 

Estimated 

significance 

soil lead zone   p <0.001 

Port Pirie    

   over 1000 ppm 12.0 (12) 9.58-14.41  

   500-1000 ppm 12.2 (83) 11.30-13.14  

   150-499 ppm 10.3 (190) 9.79-10.84  

   less than 150 10.5 (62) 9.83-11.20  

Outer Port Pirie 9.4 (26) 8.67-10.12  

Elsewhere 7.6 (105) 7.19-7.94  
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Table 3.5 represents the relationship between years resident in Port Pirie and PbB.  

Those women who had lived in Port Pirie for 3 years or more had significantly higher 

blood lead concentrations than those who had arrived in the past 2 years. 

 

Table 3.5 

Mean Antenatal Blood Lead Concentrations According to Area Duration of Residence 

 

Factor Mean blood lead 
level 

Approximate 95% 
confidence limits 

Estimated 
significance 

Years lived in Port 

Pirie 

   

p <0.01 

Less than three 9.4 (46) 8.53-10.20  

More than three 11.1 (301) 10.66-11.52  

 

 

Chi square analysis revealed a higher blood lead concentration in pregnant 

woman aged 21 or less, compared with women 22 years of age or older (Table 3.6).  

Table 3.6 also reveals a statistically significant relationship between body mass index 

(BMI) and blood lead concentrations.  Those with a higher BMI (>22) had higher blood 

lead concentrations. 

 

Table 3.6 

Mean Antenatal Blood Lead Concentrations According to Age and Body Mass Index 
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Factor Mean blood 
lead level 

(ug/dl) 

Approximate 95% 
confidence limits 

Estimated 
significance 

Maternal age (years)   p <0.001 

less than 21 11.0 (96) 10.4,  11.9  

22-29 9.1  (307) 8.8,  9.3  

30 or over 9.3 (76) 8.7,  9.9  

Quetlet�s index (kg/m2)   p <0.01 

less than 22 9.3 (222) 8.8,  9.7  

22-24 9.5 (109) 8.9,  10.0  

24 or over 9.8 (126) 9.2, 10.5  

 

3.5.3 Dietary Habits 

Other factors significantly related to the mothers� blood lead concentration were: 

rainwater usage (p <0.1), iron supplementation (p <0.025), folic acid supplementation (p 

<0.001), dietary calcium (p <0.001) and cigarette smoking (p<0.001).   Calcium 

supplementation in the diet was not found to be significantly related to blood lead 

concentrations.  However, the average total dietary calcium intake of this sample as 

estimated by the dietary questionnaire was high, (about 1010 mg per day, which is well 

over the usual amount of calcium rich food).  The mean blood lead concentrations of the 

13% of women who were consuming less than the recommended 500 mg per day was, on 

average, 1.2 ug/dl higher than the women who consumed more than the recommended 

calcium intake per day.  The 211 women who reported cigarette smoking had a mean 

blood lead concentration 1.3 ug/dl higher that that of nonsmokers.  Rainwater usage was 

significantly related to blood lead level concentrations.  
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3.5.4 Summary 

A consistent picture emerges of women most likely to have higher blood lead 

concentrations.  Most of the associations are related to lower socioeconomic status:  

•single,  

•widowed or divorced,  

•young mothers,  

•women of lower educational attainment,  

•women with partner of low educational attainment, and 

• living near, or directly downwind of the lead smelter.   

 

One of the strongest associations was between blood lead concentrations and zone 

of soil lead contamination.  A number of these associations are related to other factors.  

For example, young, single mothers were more likely to live in the least expensive 

housing, this is usually located in the highest soil-lead zones. 

   

The blood lead concentrations in the Port Pirie women - by international standards 

- are not unusually high.  Other studies in the United States by the National Center for 

Health Statistics (1984) and in the United Kingdom, by the Department of Environment 

(1981) have indicated values in the Caucasian female population that are 1-3 ug/dl higher 

than that reported in the Port Pirie sample. 
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3.5.5 Children�s Blood Lead Levels 

Each child�s cumulative burden of body lead was estimated by a trapezoidal 

integration of the area under the curve of blood lead concentration, according to age 

(from birth to the age of seven years).  This method of averaging adjusts for the unequal 

time periods between blood samples (birth, 6 months, 15 months, 2 years, and every 

subsequent year until age 7 years).  This trapezoidal integration was used to produce a 

summary estimate of lifetime total lead exposure in post-natal life for each of the 

children. 

 

3.5.5.1 Blood Leads throughout Child�s Life 

The children in this study had much higher blood lead concentrations than their 

mothers.  In addition, they displayed dramatic increases in their blood lead concentrations 

over the early years of their life.  The blood lead profiles at different ages for children in 

Studies One and Three of this project are presented in Chapters 4 and 6 respectively. 

 

Children were categorised according to area of residence within the city of Port 

Pirie and into periphery and adjacent towns.  The relationship between child mean PbB 

and place of residence is presented in Table 3.7.  A typical uncontaminated soil can be 

expected to contain 20 ppm of lead.  The soil-lead concentrations in the surrounding 

country regions are likely to be in the range 10-100 ppm.  Port Pirie West, Inner Port 

Pirie and Solomontown are the three areas that account for most of the houses nearest to 

the smelter, or immediately downwind of the smelter (Solomontown).   These areas have 

recorded between 150 - 1,000 ppm of lead in soil.  More precise ranges associated with 
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place of residence are represented in Figure 3.3.  The soil-lead concentrations of children 

living in the periphery or adjacent, but outside the city, are less certain than for the 4 soil 

zone categories in Port Pirie.  Children living in the higher soil-lead zones in Port Pirie 

display the highest blood lead concentrations. 

 

Table 3.7 

Mean Blood Level Concentration (ug/dl) by Age and Residential Location 

 Age 

Residential 

Location 

6  

months 

15  

months 

2  

years 

3 

years 

4 

years 

5 

years 

6 

years 

7 

years 

Pirie West 16.03 24.09 23.63 21.72 18.68 16.33 14.14 13.44 

Solomontown 19.71 26.96 26.84 25.16 20.84 18.77 16.30 14.91 

Inner Port Pirie 19.43 30.03 27.73 24.52 20.91 19.20 16.87 16.56 

Other Port Pirie 16.78 25.89 24.58 22.36 18.76 18.03 16.28 15.11 

Periphery 15.10 20.52 20.59 18.81 17.21 14.68 11.91 11.54 

Other 10.92 14.53 16.33 14.04 11.94 10.28 8.74 8.06 

Total 15.69 22.69 22.63 20.63 12.61 15.61 13.60 12.71 

 

Variations in mean blood lead concentrations by age and sex were calculated via 

ANOVA.  At no age was there a statistically significant difference in PbB levels between 

girls and boys.  However, mean concentrations of blood lead rose dramatically between 

the ages of 6 months and 15 months, peaked at around 15 months to 2 years, and 

thereafter steadily, declined from ages 3 to 7.  This peak at approximately 15 months to 2 

years of age coincides with the time that children become ambulatory, but spend more 

time on the ground and engage in highest level of hand to mouth activity.  Other studies  
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(Billick, Curran, & Sheir, 1979; Duggan, 1983) have also shown blood lead levels to 

peak at around 2 to 3 years of age. 

 

3.5.5.2 Blood Lead Associations 

Multiple regression analyses were conducted to determine the degree of 

association of blood lead levels with a number of the social, demographic, 

anthropometric and environmental factors recorded by the nurse interviewers.  The 

variables considered included gender, mother�s education, father�s employment, soil lead, 

smoking behaviour of either parent, time spent outdoors, rainwater usage, and subjective 

measures of child�s finger sucking/pica/mouthing. 

 

The results of these analyses are presented in Table 3.8.  Two main factors appear 

worthy of note.  First, whilst the blood lead concentrations of children whose father�s 

work in the smelter are similar to those whose fathers do not, children whose fathers 

occupy blue collar positions at the smelters have, on average, about a 20% higher blood 

lead concentrations than those whose fathers work in white collar positions at the smelter.  

Second, there is a strong association between the child blood lead concentration and the 

zone of soil contamination (Tiller, de Vries, Spouner, Smith, & Zarcinas, 1976) in which 

they reside.  A dose-response relationship was found, with those living in areas of highest 

soil contamination having the highest blood lead concentrations.  After controlling for 

soil zone there was no significant relationship found between social economic status and 

blood lead levels. 
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Time spent outdoors was positively associated with blood lead concentrations, as 

was mouthing activity.  Parental smoking and rainwater usage were not significantly 

associated with children�s PbB levels. 

 

Table 3.8 

Relative Shifts (%) of Blood Lead Concentration, as Estimated by Multiple Regression 

Analysis 

Factor Reference category Categories % shift in 

PbB 

Gender Male Female -3.0 

Mother�s formal 

education 

 <3 years >3 years -1.0 

Father�s occupation Not employed at 

smelter 

Smelter (office job) 

Smelter (non-office 

job) 

+2.6 

+18.8* 

Soil lead zone Outer Port Pirie >1000ppm 

500-1000 ppm 

150-499 ppm 

<150 ppm 

+42.6* 

+49.5* 

+23.0* 

+27.6* 

Milk source non-breast breast -3.1 

Parental smoking both nonsmokers one or both parents 

smoke 

+4.8 

Rainwater usage nonusers users -4.4 

Outdoor playing  <1hr/day >1 hr/day +5.1 

Dirt eating never a lot or sometimes +1.8 

Mouthing activity none a lot or sometimes +12.5* 

Note. *p<0.05. 
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A difficulty with analysing several independent variables is the possibility that 

correlations between explanatory variables may convey similar, or inversely related sorts 

of information.  To deal with this problem the estimated effect for each factor in Table 

3.8 was compared individually with the effect estimated from a simple analysis ignoring 

all the other explanatory variables.  Two main changes were observed from this analysis.  

First, those children living in the two highest soil contamination zones showed increases 

of 80% and 65% in their blood lead concentrations.  Second, those who ate dirt had 

statistically significant increases in blood lead level concentrations (up 9%, p < 0.05). 

 

3.6 Cognitive Development 

The cognitive development of the Port Pirie Cohort was assessed by a single 

psychologist blind to the children�s blood lead levels.  At 2 years of age the children were 

assessed with the Bayley Scales of Infant Development, at 4 with the McCarthy Scales of 

Children�s Abilities, and at around 7 years of age the children were assessed using the 

WISC-R. 

 

At 24 months of age, children underwent a standardised developmental 

assessment using the Bayley Scales of Infant Development (Bayley, 1969).  The study 

found a strong crude association between the Mental Development Index (MDI) of this 

test and blood lead history.  However, there were a number of other strong associations 

with the MDI.  The MDI was inversely related to the age of the mother at birth, to 

children who required oxygen at birth, and the quality of the caretaking environment 

(HOME) and maternal IQ.   
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A multiple regression analysis of the MDI was performed with blood lead being 

entered as the explanatory variable after all the other variables discussed had been 

entered.  After controlling for confounders, a statistically significant inverse relationship 

remained between postnatal blood lead concentrations and the MDI.  The results of the 

analysis indicated that, with other factors remaining constant, the child�s MDI at 24 

months decreased by 1.9 units for every 10 ug/dl increase in its blood lead concentration 

(Wigg et al., 1988). 

 

537 children were tested at age 4 years with the McCarthy Scales of Children�s 

Abilities (McCarthy, 1972).  Analysis of this data revealed an inverse relationship 

between average blood lead concentrations over a sequence of samples obtained from 

birth to four years, and early childhood measures of cognitive functioning (McMichael et 

al., 1988).  These results indicated that children with an average blood lead concentration 

of 1.50 umol per litre would have a corresponding decrease in mean GCI score of 

approximately 7%, as compared with a child with an average blood lead concentration of 

0.5 umol per litre (McMichael et al., 1988). 

 

At the age of 7, 506 children were tested using the WISC-R.  By this time, the 

mean blood lead values had fallen by over 40%, from their peak at around 2 years of age.  

However, testing revealed a consistent inverse relationship between the blood lead 

concentrations and all the IQ scales (Baghurst et al., 1992).  The analysis revealed an 

inverse gradient across most of the range of blood lead concentrations.  Many 
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sociodemographic factors and neonatal and infant characteristics were also strongly 

associated with the child�s IQ.  Of these, socioeconomic status, the HOME, and maternal 

intelligence were those most strongly associated with IQ.  In multiple regression analysis, 

the effect of adjusting for all the covariates was to attenuate markedly the apparent 

association of child IQ with the various blood lead concentration measures.  However, 

the postnatal blood averages from birth to 4 years were significantly inversely related to 

Verbal IQ and Full Scale IQ.  An increase in blood lead concentration from 10 ug/dl to 30 

ug/dl was associated with a Verbal IQ deficit between 5.3 to 6.2%, and a Performance 

Scale IQ deficit of 4.2 to 5.1%.  For boys, a change in blood lead level from 10 ug/dl to 

30 ug/dl was associated with a full scale IQ drop of 7.7%.  The decrease for girls was 

2.6% (Baghurst et al., 1992). 

 

In sum this study reported a significant inverse relationship between PbB and the 

Mental Development Index of the Bailey�s Scale Of Infant Development (Wigg et al., 

1987) at age 2, the Global Cognitive Index of the McCarthy�s Scales of Children�s 

Abilities (Baghurst et al, 1988) at age 4, and the Verbal and Full-Scale IQ scores on the 

WISC-R (McMichael et al., 1994) at age 7.  In each of these studies even though only a 

relatively small proportion of the overall variation in IQ could be attributed to lead, 

average lifetime PbB levels were significantly inversely related to cognitive development 

and IQ.  This suggests that even low level exposure to lead may have an enduring effect 

on children�s neuropsychological development.  These studies will be discussed in more 

detail in the next chapter. 
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3.7 Conclusion 

This chapter has placed the present study in the context of the wider 

findings of the Port Pirie Study.  The materials, procedures and proposed analysis have 

been described.  In addition the characteristics of the sample have been outlined.  The 

next chapter describes a study, which, attempts to investigate more precise cognitive 

abilities, hypothesised to underlie some of the reported global deficits associated with 

exposure to environmental lead.  Specifically, it will investigate the effects of lead on the 

speed and efficiency of auditory processing of 7-year-old children.
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CHAPTER FOUR.  STUDY ONE:  

LEAD AND SIMPLE AUDITORY PROCESSING 
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4.1 Introduction 

 

Auditory processing is an important aspect of intellectual development.  The 

development of many academic and cognitive skills are mediated through auditory 

processing.  It is also important in the development of language processing skills, which 

underlie many important mental and developmental milestones.  The evidence of adverse 

effects of lead on auditory processing (Dietrich et al., 1992) raises the possibility that 

learning may be impaired via lead-induced disturbances to auditory processing.   

 

In fact studies have fairly consistently shown a deleterious effect of lead on 

auditory processing (see section 2.8).  On the other hand the visual reaction time studies 

reviewed in Chapter 2 showed a greater diversity of findings.  This study attempts to 

apply methodological precision of visual reaction time studies to auditory, rather than 

visual processing. 

 

The evidence of the effects of lead on attentional behaviour and auditory 

processing and suggests auditory processing skills as an area worthy of further 

investigation.  For this study, a simple auditory processing task was selected.  This task 

required participants to respond to target words and inhibit responding to distractor 

words.  The number of correct responses, the number of false responses, and the time 

taken to make these responses was measured.  The ability of children to perform this task 

across 4 ear-hand conditions has been shown to be related to auditory processing ability 

(Geffen, 1988; McFarland & Geffen, 1988).  
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The aim of this study was to investigate the effects of lifetime PbB on simple 

auditory processing.  The specific foci will be auditory processing accuracy, the ability to 

inhibit inappropriate responses to auditory stimuli, and speed of auditory processing.  Of 

interest is the extent to which performance and attention in simple auditory processing 

tasks are impaired by early childhood exposure to environmental lead.  It is predicted that 

lead will have a deleterious effect on auditory processing and attentional abilities, as 

measured in this study.  Specifically, it is hypothesised that increased lead levels will be 

associated with a decreased number of correct responses and an increased number of 

false responses.  It is also hypothesised that higher lifetime PbB will be associated with 

slower reaction times for both correct responses and false responses. 

 

Method 

4.2 Participants 

393 children (191 males and 202 females) participated in this stage of the study.  

The mean age of the participants at the time of testing was 7 years and 7 months.  (Range, 

7 years 0 months to 7 years 11 months).  The majority of the subjects were from the 

immediate environment of Port Pirie (319); the remainder (59) were from the nearby 

rural communities of Laura, Gladstone, Port Broughton, and Crystal Brook.  A small 

number (15) were from other areas such as Adelaide and Port Augusta. 
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4.3 Materials  

4.3.1 Handedness 

Handedness was assessed using the handedness questionnaire developed by 

Annett (1970), and an associated activity protocol.  This questionnaire consists of a series 

of questions relating to hand used and preferred for various activities.  The activity 

protocol required children to perform a variety of simple tasks, such as thread a needle, 

catch a ball, hit a ball with a tennis racket, and so forth.  In addition to this, manual skill 

was assessed via a peg placing task (Annett, 1970).  The pegboard used for this task 

consisted of 10 dowelling pegs in a row of holes 12 mm, in diameter, and 25 mm apart, 

with another, identical row of holes 200 mm below into which the pegs could be placed. 

 

4.3.2 Hearing Threshold. 

The hearing threshold of all children was tested using a Danplex AS 67/2150 

audiometer.  Pure tone threshold was tested across the 250, 500, 1,000, 2,000, 4,000, and 

8,000 hertz frequencies. 

 

4.3.3 Auditory Processing Testing Equipment. 

Stimulus times and data were recorded using an Apple computer.  Response times 

were measured with a DS2000 Thunder Clock installed specifically for this purpose.  

This device was installed for its superior reliability and accuracy as a chronometer over 

that of the standard clock/timing device installed in Apple computers.   
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The audio stimulus material was presented via a Sony Professional TCD-D3, 2-

channel, half-track, digital tape player/recorder.  This machine reached minimum 

standards of wow, flutter (+/-0.0001% W. Peak), and distortion (less than 0.008%).  

Speed control of tape motor mechanism was attained through quartz-crystal motor speed 

controller.  Off-line back-up data capture of the stimulus events and participant�s 

responses were recorded on a Sony Professional DM3, analogue 2-channel, half-track, 

cassette player/recorder. 

 

For telephonics, 2 pairs of TDH-50 headphones were used.  These headphones are 

engineered so that different pairs of headphones give the same output for a given signal 

input level.  The input voltage was set at 2.5mv, (+/- 0.2mv) which resulted in a signal 

level of 75 dB (+/- 1/2 dB). 

 

Subjects responded via a 400mm by 150mm response panel.  The panel had 2 

response keys.  This panel was interfaced with the FSK decoder/line key via a 7-pin DIN 

connection. 
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Figure 4.1.  Schematic diagram of equipment required for on-line recording of dichotic 

monitoring data with audiomagnetic tape back-up. 
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The stimulus events and the participants� responses were processed via the FSK 

decoder/line key, built specifically for this purpose.  The children�s responses, the 

auditory stimulus event, and the 20 kHz tone burst were all converted by the FSK 

decoder/line key, which interfaced with the computer.  Stimulus events and the children�s 

responses were simultaneously recorded on both the microcomputer and the 2-channel, 

half-track, tape recorder (see Figure 4.1). 

 

4.3.3.1 Stimulus Materials. 

A PDP 1134 computer program generated the lists of digitised word pairs, which 

were recorded onto tape.  The recorded words were sampled continuously by an analogue 

to digital converter at 20 kHz, with each sample represented by a 12-bit number.  Output 

was sampled into a pre-history buffer.  The buffer was plotted edited and stored on disc 

on the computer.  The buffer was filled with one spoken word, with associated pre and 

post histories.  The amount of pre-history was 10 msec. 

 

Monaural Word Lists. 

The stimulus materials for the monaural trials each consisted of 60 words.  Each 

of the lists contained 10 target words (dog), 10 phonemic distractors (e.g., log, dig etc.) 

and 40 non-phonemic distractors (e.g., bell, horse).  The target words and phonemic 

distractors were distributed randomly throughout the word lists.  A full transcript of the 

monaural word lists appear in Appendix 4.1. 
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4.3.4 Lead Measures 

The blood lead measures used in this study are described in full in section 3.3.1. 

 

4.4 Procedure 

4.4.1 Establishing Handedness 

The handedness questionnaire was administered verbatim, with opportunity for 

the mother or child to respond to each question.  If the child was unsure, the mother's 

response was solicited and recorded.  If the answers to all the questions and the actions 

were carried out by the same hand (e.g., right hand), then the participant was classified as 

right handed. 

 

Manual dexterity (speed) was assessed using the pegboard task (Annett, 1970).  

This task entailed moving a set of 10 dowelling pegs from one row of holes to another 

row of identical holes 200 mm below, as quickly as possible.  The time to perform the 

task with each hand was measured using a stop-watch.  From this information and the 

handedness questionnaire, a classification of �right-handed�, �left-handed�, or �mixed 

laterality� was made for each child.  If the answer to all of the questions and the speed of 

the pegboard placing task  was consistently right or left, then the corresponding 

handedness classification was given.  If the answer to any of the questions or pegboard 

speed was inconsistent with respect to hand used, a mixed handedness classification was 

given.  The history of family sinistrality was also recorded. 
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4.4.2 Measuring Hearing Thresholds 

Each child�s hearing was tested to establish an acceptable level of hearing 

threshold and an acceptable balance of hearing threshold between ears.  The threshold 

was measured using pure tone audiometry at 250, 500, 1,000, 2,000, 4,000, and 8,000 

hertz.  In order to ensure no visual or nonverbal cues of the examiner or parent were 

visible, the children sat with their back to the examiner and parent.  Children were 

required to demonstrate a threshold of 20dB across each of these frequencies, and across 

both ears, and no more than 10dB difference in sensitivity on any of the tested 

frequencies.  Children not meeting each of these criteria were excluded from the study.  

These children were subsequently referred to an audiometrist or their General Practitioner 

for further testing and treatment. 

 

Table 4.1 

Audiometry Testing Protocol: -10dB to 110dB from 125 to 8,000Hz 

 

dB 
Left Ear   

dB 
Right Ear 

-10         -10   
0         0   

10 * *  10 * *
20 * * * * *  20 * * * *
30         30   
40         40       
50         50       
60         60       
70         70       
80         80       
90         90       
100         100       
110         110       
Hz 125 250 500 1000 2000 4000 8000  Hz 125 500 1000 2000 4000 8000 
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4.4.3 Measures of Lead Exposure. 

The procedures for the collection and analysis of blood lead samples are described 

in full in section 3.4.1. 

 

4.4.4 Auditory Processing 

Calibrating Equipment 

The stimulus tape was wound to the calibration signal.  The calibration signal was 

played.  Using the voltmeter, the voltage presented across the headphones was measured.  

The output level of the tape reproduction system was then adjusted to produce the 

required voltage (2.5 mV, +/- 0.2 mV).   

 

Presentation of Word Lists 

Each child was tested individually on the auditory processing task.  Following the 

pretests, the listening tasks were presented across 4 ear-hand conditions.  The ear-hand 

conditions and word lists were presented in a counter balanced sequence (see Table 4.2). 

 

Table 4.2 

Counter-Balanced Schedule for Monaural Auditory Processing Tasks 

 EAR HAND LIST 

 L R 37 

MONAURAL R L 39 

 L L 39 

 R R 40 
Note.  For left handed children this protocol is reversed: i.e., �R� represents the dominant hand/ear. 
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Pretest Binaural Practice. 

To ensure children understood the instructions and could carry out the task 

binaural practice trials were first conducted. 

Step One. 

The child was told: �I am going to play some words to you through the 

headphones.  Each time you hear the word �DOG� I want you to press this button�.  

Following these instructions the participant heard the word �DOG� binaurally five times, 

at 2 second intervals.  If the child successfully responded to each target word, the practise 

proceeded to step two.  If not, step one was repeated until the child successfully 

completed the requirements.  If a child could not successfully complete the requirements 

of this pretest, the testing session was terminated. 

Step Two. 

The tester said: �Now you will hear other words as well as �DOG�, but you press 

the button only when you hear �DOG��.  Following this, the child was presented with a 

binaural presentation of the target word 5 times, interspersed with 5 non-phonemic 

distractors.  The words were presented at the rate of 1 word every 1.5 seconds.  If the 

subject made some false responses, the tape was rewound and the stimulus list repeated.  

If the child successfully completed this stage, responding to all target words and making 

no false responses, she/he proceeded to the next stage of the experiment.  Again, if the 

child was unable to complete this stage perfectly, the testing session was terminated. 

Step Three. 
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The tester said: �Now you will hear some more words and I want you to do the 

same thing.  Each time you hear the word �DOG�, you press the button.  This time you 

will also hear some words that sound like �DOG�, such as log, dig, or dob, but you only 

press the button to �DOG��.  The child was then presented with a practise list consisting 

of 5 target words, 5 non-phonemic distractors and 5 phonemic distractors.  These words 

were presented in random order at the rate of 1 word every 1.5 seconds.  To continue the 

experimental protocol the child had to respond to at least 4 of the 5 target words, and no 

more than 1 of the 5 phonemic distractors. 

Step Four. 

The same practise list as used in step 3 was administered again, but this time at 

the rate of 1 word every 1 second. 

 

Monaural Presentation. 

After the child had successfully completed the practise trials, the 4 monaural lists 

were presented.  One list of 60 words was presented for each of the 4 ear-hand 

conditions. 

The researcher said: �Now you will hear a longer list of words in your left (right) 

ear, and I want you to press the button with your left (right) hand as quickly as possible 

whenever you hear �DOG�.  Remember that you will also hear words that sound like 

�DOG�, but only press the button when you hear �DOG�.  Are you ready?.� 

 

This procedure was repeated for the remaining 3 monaural lists.  After each trial 

the ear/hand orientation was changed according to the protocol (see Table 4.2). 

 161



4.5 Results 

The results were analysed using SPSS version 9.0.  Descriptive statistics for the 

sample have already been reported in Chapter Three of this thesis.  In this chapter, first 

the blood lead characteristics were described, then the participants were compared to 

those lost to follow-up, across a variety of variables.  Next, data from the auditory 

processing trials was reported.  Means, N, and standard deviations of target detection 

rate, distractor detection rate, and the reaction times for both target and distractor 

detection were then presented.  The relationship between lifetime blood lead and its 

association with auditory processing efficiency and auditory processing speed was then 

explored in 2 ways. 

 

1. Lifetime lead was treated as a polychotomous variable and divided into four exposure 

categories, and auditory processing speed and efficiency were treated as continuous 

variables.  This exploratory analysis was included as it allows interpretation of 

potential dose-response relationships, and non-linear associations with lead (Bearer, 

1999).  In addition, it also allows for comparison with other studies (e.g., Bellinger et 

al., 1993; Bellinger et al., 1991; Bellinger, Hu, et al, 1994; Dietrich et al., 1991; 

Dietrich et al., 1993; Yule et al., 1984) which have used this method of analysis.  

With respect to the auditory response data, first the Both Ear-Both hand data was 

considered, and next the data for each of the ear-hand conditions was analysed.  With 

comparisons conducted across each of the 4 ear-hand conditions, a Bonferroni 

correction of p< .015 was made (Keppel, 1991). 
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2. Lifetime PbB was treated as a continuous variable and auditory processing speed and 

efficiency were treated as continuous variables.  Simple linear regression analysis and 

hierarchical analysis was conducted to examine the associations between the two 

variables.  

 

4.5.1 Characteristics of the Sample 

Blood lead measures were taken from the mothers 2 times during the course of 

their pregnancy and at delivery.  Samples of umbilical cord blood were also collected at 

this time.  Post-natal samples were taken at various ages from 6 months to 7 years of age.  

The means and confidence intervals for these blood samples are presented in Table 4.3.  

Blood lead levels were much higher in children than their mothers.  Examining the trend 

of blood lead levels, they seemed to peak at about 15 months to 2 years and then decline 

slowly until the age of 7 years.  The concurrent lead values reported in Table 4.3 

represent the measured blood lead value from the blood sample collected at that time.  

The cumulative measures were a calculated average of all PbB�s up until that time in the 

child's life.  Due to unequal time periods between collection points this value is the 

geometric mean of all previous PbB results by age at time of collection. 

 

The means and confidence intervals were calculated for all the concurrent blood 

and cumulative blood lead levels.  The boys� and girls� lead levels were then compared 

(see Table 4.4).  Chi square analysis revealed no significant differences existed for any of 

the concurrent or cumulative data points. 
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Table 4.3 

Total Mean Blood Lead Levels � Concurrent and Cumulative, Antenatal and Various 

Ages from Birth to Seven Years  

Exposure category  
 M CI N 
   
 Micrograms per 

decilitre 
  

10.11 9.75-10.46 369 
Delivery 10.75 10.23-11.27 
Cord 9.58 9.09-10.07 331 
   

 
 

Antenatal 
333 

 
Concurrent PbB 
 

   

  6 months 15.97 15.29-16.65 360 

15 months 22.73 21.80-23.66 360 

2 years 22.76 21.89-23.62 367 

3 years 20.68 19.90-21.46 364 

4 years 17.75 17.07-18.43 359 

5 years 15.71 15.07-16.34 359 

6 years 13.53 13.00-14.07 345 

7 years 12.87 12.30-13.44 349 
    
Cumulative  
(lifetime) PbB 

   

  6 months 12.84 12.32-13.36 323 

15 months 16.87 16.25-17.49 316 

2 years 19.23 18.55-19.91 315 

3 years 20.16 19.47-20.86 311 

4 years 19.99 19.30-20.67 305 

5 years 19.40 18.72-20.07 301 

6 years 18.65 17.98-19.31 286 

7 years 17.91 17.27-18.56 279 
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Table 4.4 

Comparison of Boy's and Girl's Concurrent and Cumulative PbB Level, Antenatal, and 

Various Ages from Birth to Seven Years 

Exposure 
category 

Boys Girls  

 M CI N M CI N p value 
 Ug/dl       
        
Antenatal 9.87 9.35-10.38 171 10.31 9.81-10.80 197 .225 
Delivery 10.61 9.87-11.36 153 10.87 10.14-11.60 180 .630 
Cord 9.31 8.64-9.98 153 9.78 9.06-10.49 177 .353 
        
Concurrent blood 
lead  

       

  6 months 15.81 14.83-16.79 166 16.05 15.10-16.99 193 .732 

15 month 22.57 21.23-23.91 164 22.81 21.50-24.12 195 .804 

2 years 23.19 21.89-24.49 169 22.24 21.11-23.37 197 .271 

3 years 20.69 19.60-21.77 168 20.55 19.45-21.64 195 .858 

4 years 17.20 16.24-18.17 168 18.18 17.22-19.15 190 .159 

5 years 15.65 14.76-16.54 166 15.71 14.80-16.62 192 .920 

6 years 13.80 12.97-14.63 159 13.29 12.57-14.01 185 .355 

7 years 12.81 11.99-13.63 158 12.88 12.08-13.68 190 .904 
        
Cumulative 
(lifetime) blood 
lead  

       

  6 months 12.59 11.86-13.33 149 13.00 12.28-13.73 173 .435 

15 month 16.68 15.81-17.55 144 16.97 16.09-17.85 171 .653 

2 years 19.21 18.24-20.17 143 19.17 18.20-20.13 171 .956 

3 years 20.33 19.33-21.33 141 19.92 18.97-20.87 169 .564 

4 years 20.12 19.13-21.11 140 19.77 18.83-20.71 164 .616 

5 years 19.47 18.50-20.44 138 19.23 18.31-20.16 162 .729 

6 years 18.65 17.68-19.63 130 18.55 17.64-19.45 155 .873 

7 years 17.97 17.01-18.93 126 17.78 16.91-18.66 152 .781 
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4.5.1.1 Blood Lead Profiles Throughout Child�s Life 

The children in this study had much higher blood lead concentrations than their mothers.  

In addition they displayed dramatic increases in their blood lead concentrations over the 

early years of their life.  Figures 4.2 to 4.13 present the distributions of the blood lead 

data for the time of each blood sample collection. 

 

Inspection of Figure 4.12 reveals that the number of children with blood leads over 20 

ug/dl peaks at 2 years of age and decreases steadily thereafter.  Correspondingly, Figure 

4.12 also illustrates the number of children with PbB�s under 10 ug/dl steadily increases 

after 2 years of age. 
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Figure 4.2.  Antenatal average blood lead levels. 
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Figure 4.3.  Lead exposure of children at birth. ad exposure of children at birth. 
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Figure 4.4Figure 4.4.  Lead exposure of children at 6 months. 
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    Valid cases = 468 

Figure 4.5.  Lead exposure of children at 15 months.  
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    Valid cases = 468  

Figure 4.6. Lead exposure of children at 24 months. 
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Figure 4.7.  Lead exposure of children at 36 months.  .  
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Figure 4.8.Figure 4.8. Lead exposure of children at 48 months. 
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Figure 4.9.  Lead exposure of children at 60 months.  nths.  
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Figure 4.10.Figure 4.10. Lead exposure of children at 72 months. 
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Figure 4.11. Lead exposure of children at 84 months. nths. 
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Figure 4.12.Figure 4.12. Blood lead levels by age (6-84 months). 
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4.5.1.2 Comparison of Participants and Nonparticipants 

A total of 393 children participated in this study.  Table 4.5 presents a comparison 

of these children, with those for whom birth data was collected, but did not participate in 

this part of the study.  Significant differences between these two groups were found for 

birthweight, marital status and fathers' education variables.  Of the 51 low birth weight 

children, 29 were lost to the study.  The fathers of children lost to follow-up had 

significantly higher levels of education than fathers of children in the study.  This is 

probably related to the higher occupational status, and the resultant increased 

occupational and geographical mobility of these parents.  Proportionately more single 

parents were lost to the study, possibly because they were more socially and 

geographically mobile. 

 

Table 4.5 

Comparison of Children in Listening Task to Those Lost at Follow Up 

Characteristics Participants Non-participants Significance 

 M N M N (P) 
Gestational age      
 <=40 39.07 263 38.52 258 .51 

 >40 41.49 118 41.51 111 .849 

      

Birth weight      

 <=2500 2263.41 22 1778.79 29 .001 

 >2500 <=3499 3138.00 201 3136.56 203 .952 

 >3500 3832.39 157 3881.87 135 .164 

      

(table continues) 
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Characteristics Participants Non-Participants Significance 

 M/% N M/% N (p) 
Head circumference      

 >34 (median) 35.52 170 35.65 168 .128 

 <=34 (median) 33.06 204 33.06 186 .998 

      

Birth length      

 <=median (53cm) 50.65 192 50.09 201 .089 

 >median 56.15. 183 56.11 158 .872 

      

Oxygen use at birth      

 Yes 31.13% 118 31.18% 111 .741 

 No 68.87% 261 68.82% 245 .477 

      

Neonatal jaundice      

 Yes 36.05% 137 42.34% 152 .378 

 No 63.95% 243 57.66% 207 .109 

      

5 min Apgar score      

 <=9 8.59 320 8.54 276 .530 

 >9 10 59 10 59 --- 

      

Feeding style      

 Breast 80.53% 306 81.18% 289 .486 

 Bottle 15.35% 59 16.29% 58 .926 

 Mixed 3.95% 15 2.53% 9 .221 

      

 
(table continues) 
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Characteristics Participants in Study Non-Participants Significance 

 M/% N M/% N (p) 

Marital status      
 Single 6.85% 27 12.89% 50 .009 

 Married � 2              
parents 

89.34% 351 82.22% 319 .203 

Widowed/divorced 3.81% 15 4.90% 19 .248 

    

Fa's Education      

< 3 yrs secondary 46.8% 184 38% 138 .032 

> 3 yrs secondary 41.9% 164 48.9% 178 .027 

tertiary 11.3% 44 13.1% 47 .357 

      

Sex      

 Male 46.34% 177 54.95% 200 .236 

 Female 53.66% 205 45.05% 164 .033 

      

Antenatal blood 
lead exposure 

10.14 370 9.93 369 .424 

Maternal blood lead 
exposure 

10.75 334 10.10 323 .069 

Cord blood lead 
exposure 

9.56 331 8.89 310 .047 

 

Data was collected for the percentage of target words detected (correct responses), 

the percentage of distractor words detected (false responses), and the speed of correct 

responses and false responses (reaction time, msec).  Left-handed children were removed 

from the sample to examine the effect they had on the pattern of results.  No changes 

were evident due to their removal, so left-handed children were included in all analyses.  

However for these children the protocol was adjusted so that right represented the 

 175



dominant (left) side.  Children assessed as mixed dominance were excluded from the 

analyses. 

 

4.5.2 Lifetime Blood Lead Exposure and Auditory Processing Speed and Efficiency 

Correct Responses 

Descriptive Data 

The means and standard deviations are presented for percentage of correct 

responses.  These figures are presented for each of the 4 ear-hand conditions and for the 

Both Ears-Both Hands data (Table 4.6).  The Both Ear-Both Hand category is an average 

of all the 4 ear-hand conditions. On average, the children correctly responded to the target 

word with about 86% accuracy.  This was fairly consistent across each ear-hand 

condition.  

 

Table 4.6 

Means and Standard Deviations for Percentage Correct Responses   

 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

N 355 355 355 355 360 

M 84.31 84.70 87.56 85.83 85.59 

SD 20.91 20.10 20.85 19.57 12.58 

 

 

Lifetime lead treated as a polychotomous variable. 

Initially, a one-way ANOVA with 4 levels of exposure, was conducted on the 

Both Ear-Both Hand score.  This score represents and average of data from each of the 4 
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listening trials.  Next, separate one-way ANOVA with 4 levels of exposure was 

conducted on each of the 4 ear-hand conditions.  

 

This analysis was chosen, because the relationship of interest was the effect of 

lifetime PbB exposure on each of the ear-hand conditions, not the relationship between 

each of the conditions.  When dose response relationships were examined using the four 

categories of lifetime lead exposure, a significant relationship was found between PbB 

and the Left Ear-Left Hand condition, F(3,355) = 3.93, p < .01, and the Both Ear Both-

Hand data, F(3,360) =5.85, p< .01.  None of the other ear-hand conditions achieved 

significance (see Figure 4.14 and Appendix 4.2).   
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Figure 4.14.  Percentage of correct responses by blood lead quartile. 
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Lifetime PbB treated as a continuous variable � Linear Regression Analysis. 

Simple linear regression analysis was carried out for all the ear-hand 

combinations and lifetime PbB.  A significant relationship was found in the Left Ear-Left 

Hand condition and lifetime PbB, accounting for 6% of the variance in scores  (r =-. 246 

p. < .01), but not in any of the other ear-hand conditions.  Analysis revealed no effects for 

boys across any condition.  A significant effect of lifetime PbB was found for girls (r = -

.210, p < .001) on the Left Ear-Left Hand condition. 

 

Lifetime PbB treated as a continuous variable � Hierarchical Regression Analysis. 

Further analysis was conducted to control for potential covariates.  The potential 

confounders included were birthweight, marital status, maternal IQ, maternal education, 

paternal education, SES, HOME scores, and breast feeding duration.  Various models 

have been used to control for potential confounders.  Wasserman et al. (1998) used the 

model proposed by Miettinen and Cook (1981) in choosing appropriate variables for 

control of each outcome.  However this procedure has been criticised as it generates a 

different set of confounders for each outcome variable.  The current study used the 

method where the same set of confounders are entered for each outcome variable 

(Bellinger, Hu, et al., 1994; Needleman et al., 1996).  The variables chosen a-priori have 

been shown in previous studies to be related to lifetime PbB (Baghurst et al., 1992; 

Bellinger et al., 1994; Dietrich et al., 1992; McMichael et al., 1988; Wasserman et al., 

1999).  

 

 178



The significant findings from the simple regression analysis were re-analysed 

using multiple hierarchical regression analysis.  Potential confounders were all entered at 

step one and the lifetime PbB was entered at step two.  After controlling for potential 

covariates, lifetime PbB still accounted for 3.6% of the variance in Left Ear-Left Hand 

condition (r = 0.185, p < .006).  A full summary of this hierarchical analysis appears in 

Appendix 4.3.  Analysis revealed no effects for boys across any condition.  After 

controlling for potential confounders, a significant effect of lifetime PbB was found for 

girls (r = -.161, p < .028, R2= .048, ∆R2 =.024) PbB on the Left Ear-Left Hand condition. 

 

Speed of correct responses 

Descriptive Data 

The average reaction time for the correct responses ranged from 604 ms to 607 ms 

(see Table 4.7).  The response times and standard deviations were remarkably consistent 

across each of the ear-hand conditions. 

 

Table 4.7 

Means and Standard Deviations for Speed of Correct Responses (Reaction Time, 

Milliseconds) 

 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

N 349 347 346 354 360 

M 605.38 606.88 607.18 604.01 605.91 

SD 185.14 165.82 202.19 183.25 109.03 
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Figure 4.15.  Speed of correct responses by blood lead quartiles. 

 

Separate 4 X 1 ANOVA�s conducted on the children's performance across each 

ear-hand condition (see Figure 4.15) and the Both Ear-Both Hand data revealed no 

significant differences.  When the dose response relationship was examined for auditory 

processing speed no significant associations were found. 

 

Lifetime PbB treated as a continuous variable � Linear Regression Analysis. 

Simple linear regression analysis revealed no significant relationships between 

speed of correct responses across any of the ear-hand conditions and lifetime PbB.  

Gender analysis revealed no significant associations for boys or girls processing speed 

and lifetime PbB. 
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Lifetime PbB treated as a continuous variable � Hierarchical Regression Analysis. 

Simple linear regression analysis revealed no significant relationships between 

any of the ear-hand conditions and lifetime PbB, therefore no hierarchical analysis was 

conducted on these variables.  Gender analysis revealed no significant associations for 

boys� or girls� processing speed and lifetime PbB. 

 

4.5.3 Lifetime Blood Lead Exposure and Auditory Processing Errors 

In addition to recognising and responding appropriately to target words, an 

important part of effective auditory processing is to inhibit inappropriate responding.  A 

number phonemic distractor words such as �log� and �dig� were included in the word 

lists to test the children�s ability to inhibit incorrect responding.  The remainder of the 

word lists comprised non-phonemic distractors.  Every time a child responded to a 

nontarget word, that is a phonemic distractor, this was classified as a false response.   

 

Percentage of False Responses 

Descriptives. 

The number of occasions that a child responded to a phonemic distractor was 

recorded.  The means, N, and standard deviations for these measures are presented in 

Table 4.8.  It is interesting to note that about 100 more children made false responses 

responding with the dominant hand than with the non-dominant hand, and about 60% 

more errors were made with the dominant hand.  
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Table 4.8 
Means and Standard Deviations for Percentage of False Responses 
 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears. 

Both hands 

N 355 355 355 355 359 

M 17.14 26.60 15.60 26.67 22.10 

SD 16.87 14.00 15.35 13.79 11.37 

 

Lifetime PbB as a polychotomous variable. 

A 4 by 1 ANOVA revealed significant differences across quartiles for the Both 

Ear-Both Hand condition, F(3,356 3.32, p < .02.  Separate 4 x 1 ANOVA analysis of 

each of the individual ear-hand conditions (see Appendix 4.4) revealed a significant 

difference across PbB quartiles for the Left Ear-Left Hand condition, F(3,352) = 5.24, p < 

.002.  The Right Ear-Right Hand condition approached, but did not achieve significance 

F, (3,355) = 3.40, p < .018, after Bonferroni correction.  
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Figure 4.16.  Percentage of false responses by PbB quartiles. 

 182



Lifetime PbB as a continuous variable -Linear regression analysis. 

Linear regression analysis revealed significant associations between Left Ear-Left 

Hand and Both Ear-Both Hand data and lifetime PbB (Table 4.9).  The relationship was 

significant for the boys, girls, and the entire sample.  For the entire sample, this lifetime 

PbB accounted for 9.7% and 11.8% of the unadjusted variance for the Left Ear-Left Hand 

and Both Ear-Both Hand conditions respectively.  The relationships were consistently 

stronger in boys than girls.  None of the other ear-hand conditions showed a significant 

relationship with lifetime lead exposure. 

 

Table 4.9  

Correlations Between Percentage of False Responses and Lifetime PbB 

 Correlations 

Condition Entire Sample Boys Girls 

 r p r p r p 
Left ear- 

Left hand 
.312 .001 .323 .012 .248 .041 

Both ears- 

Both hands 
.344 .000 .457 .002 .309 .015 

 

Lifetime PbB treated as a continuous variable - Hierarchical regression analysis. 

After controlling for birthweight, marital status, maternal IQ, maternal education, 

paternal education, SES, HOME scores and breast feeding duration, the effect of lead 

level on Left Ear-Left Hand noise detection (see Appendix 4.5) was still significant (r = 

.258, p < .004, R2 = .066, ∆R2, F(1,281) = 8.26, p < .016), accounting for an additional 

6.6% of the variance.  Lifetime PbB continued to account for 10.1% of the variance in 

 183



error rate in the Both Ear Both-Hand data (see Table 4.10) after control for confounders 

(r = .319, p < .001, R2  = .101, ∆R2, F(1,281)  = 4.706, p < .003). A full summary of this 

hierarchical analysis appears in Appendix 4.6. 

 

 

Speed of false responses. 

Descriptives. 

The speed of the false responses ranged from 606 msec in the Right Ear-Right 

Hand condition to 850 msec in the Left Ear-Left Hand condition.  The speed of responses 

made with the dominant hand were about 200 msec quicker than those made with the 

non-dominant hand (see Table 4.10). 

 

Table 4.10 

Means and Standard Deviations for Speed of False Responses (Reaction Time, 

Milliseconds) 

 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears. 

Both hands 

N 263 338 258 350 358 

M 850.14 636.44 780.24 606.63 718.44 

SD 604.64 238.45 467.84 227.95 316.06 
Note: Cell numbers are lower in some cells as reaction times are only calculated if a false response was made. 
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Lifetime PbB as a polychotomous variable. 

Between subjects differences were not significant for the Both Ear-Both hand data 

or any of the ear-hand conditions (see Appendix 4.7), although the Left Ear-Left Hand 

condition almost achieved significance, F(3, 260) = 2.635, p < .051).   
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Blood lead quartiles: Q1 = 0-13.15ug/dl, Q2 = 13.16-17.48 ug/dl, Q3 = 17.49-21.44 ug/dl, Q4 = 21.45-45 ug/dl. 

Note: lelh=left ear-left hand, lerh=left ear-right hand, relh= right ear-left hand, rerh=right ear-right hand 

Figure 4.17. Speed of false responses by PbB quartiles. 

 

Linear regression analysis. 

Simple regression analysis revealed a positive relationship between Left Ear-Left 

Hand reaction time and lead level for the entire cohort (r = 0.282, p < .001) and for boys 

(r = .273, p< .016).  No significant relationship was found for girls.  No significant 

relationship was found between any of the other ear-hand conditions and lifetime PbB.  
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Hierarchical regression analysis. 

The R2 change in the Left Ear-Left Hand condition after controlling for the 

entered confounders, was significant (r = .254, p < .005, R2 = .065, ∆R2, F(1,211) = 8.21, 

p < .005.  After controlling for the other variables lifetime PbB still accounted for 6.5% 

of the variance in speed of auditory processing for errors (see Appendix 4.8). 
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4.6 Results Summary 

Correct Responses 

1. No significant associations were found between speed of correct responses (reaction 

time) and lifetime PbB.   

2. In only one (Left Ear-Left Hand) condition was a relationship between the percentage 

of correct responses and lifetime PbB found.  In this condition, lifetime PbB 

accounted for 6% (unadjusted) and 3.6% (adjusted) of the variance in correct 

response rate. 

False Responses 

3. Direct associations were found between lifetime PbB and false response rates.  

Lifetime PbB accounted for 9.7% and 11.8% (unadjusted) and 6.6% and 10.1% 

(adjusted) of the variance in false response rates for the Left Ear-Left Hand and Both 

Ear-Both Hand data, respectively. 

4. A direct negative association was found between PbB and speed of false responses in 

only one (Left Hand-Left Ear) condition.  In this condition lifetime PbB accounted for 

8% (unadjusted) and 6.5% (adjusted) of the variance in false response reaction times. 

Other Findings 

5. An interesting pattern appeared with respect to gender and performance.  PbB 

significantly related to girls� performance on correct responses and boys� 

performance on false responses. 
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4.7 Discussion 

4.7.1. Review 

The results indicate lifetime PbB had a significant influence on simple auditory 

processing.  However, this influence was not all in the fashion expected.  The data 

indicated that lifetime PbB had an effect on speed of false responses, but not on speed of 

correct responses.  The strongest associations between lifetime PbB and auditory 

processing were with the percentage of false responses made.  This later effect was most 

pronounced in boys. 

 

4.7.2 Lead and Auditory Processing Reaction Time 

It was hypothesised that lead would have a deleterious effect on auditory 

processing speed (reaction time).  The results indicated that reaction time was relatively 

insensitive to the effects of lead.  No significant relationship was found between PbB and 

speed of correct responses in any ear-hand condition.  An association between PbB and 

speed of false responses was found in only one ear-hand condition. 

 

As previously discussed (section 2.8.2), findings from studies of reaction times in 

lead-affected children are inconsistent.  Of the published studies, about half have reported 

a significant association, about half have not, and a number were equivocal.  Often the 

significant findings did not have strong p values.  The studies of occupationally-exposed 

adults reveal an almost identical pattern.  Of 13 studies reviewed, there were 7 examples 

of simple reaction time slowing in lead exposed groups, 4 examples of no significant 
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differences between lead-exposed groups and controls, and 2 examples of faster reaction 

times in the lead-exposed groups.  As such the results from both occupationally-exposed 

and child samples have produced inconsistent findings.  The results from the present 

study are consistent with the half of the previous studies that have shown no relationship 

between lead-exposure and reaction time.   

 

Reaction time studies vary considerably in their design. Many reaction time studies 

are designed in such a way in which participants undertake a number of (up to 6) blocks 

of testing.  In addition in some studies the stimuli are quite simple (eg press a button 

when a square appears on a display), in others the stimuli are more complex (after the 

light press the button the first time the number 5 appears on the screen).  After closer 

examination of the results from the other half of studies that have reported a relationship 

between lead and reaction time, a pattern begins to emerge.  Most of these, in fact, have 

not found a significant relationship between PbB and reaction times in early trials with 

simple stimuli (Harvey et al., 1988; Hunter et al., 1985; Needleman et al., 1979; 

Needleman et al., 1996; Winneke et al., 1983a).  So in this respect the results of this study 

are quite consistent with most of the existing research in this area and perhaps, in review, 

the results from previous research in this area are more consistent than at first 

appearances. 

 

Previous studies of lead effects on reaction times have not measured reported false 

response reaction time and lead.  As such no comparison between this study and previous 
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research can be made.  However, some studies have examined lead effects on the 

percentage of false responses made.  These will be considered in the next section. 

 

4.7.3 Lead and Simple Auditory Processing Efficiency 

This study found that when children had to respond to a target word in a simple 

auditory processing task, this ability was, by and large, not significantly affected by 

lifetime PbB level.  The only condition in which a lead effect was observed was in the 

Left Ear-Left Hand condition.  

 

These findings could be understood by considering the degree of difficulty of the 

tasks.  It may be significant that the effects of PbB were only evident on the most difficult 

level (Left Ear-Left Hand condition) of this task.  The Left Ear-Left Hand condition is the 

most difficult as the child must process the information through the non-dominant ear and 

subsequently respond through the non-dominant hand.  In this project and in other studies 

children�s reaction times are slowest and their performance is worst in this condition 

(Geffen, 1988; Sexton & Geffen, 1979).  In this study, auditory processing in easy 

conditions was not affected by lead, yet the children�s ability to effectively process 

auditory stimuli at greater levels of difficulty (Left Ear-Left Hand condition) was. 

 

Whilst studies of the effect of lead on specific abilities (such as reaction time) 

seem to have produced variable results, most studies using global ability and IQ tests 

have more consistently reported significant associations between lead and these abilities.  

These global tests usually have �low floors� and �high ceilings�.  That is, they are 
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designed to assess children across quite a wide range of abilities, a wide range of 

difficulty and a wide range of ages.  In contrast, many of the tests of specific abilities 

have a narrow range.  This increases the likelihood of floor or ceiling effects masking the 

real effects of lead in these children.  This may have been the case in the present study.  

The children in this study performed, on average, close to ceiling level making correct 

responses with an average target detection rate of 86% across all conditions.  Many of the 

children (between 142 and 179, across the 4 different ear-hand conditions) performed at 

ceiling (100% correct) level.  It may be this task was too simple to elicit lead-related 

effects.  This explanation would be consistent with the only significant relationship 

observed being between lead and the most difficult (Left Ear-Left Hand) condition.  It 

would also be consistent with findings from other studies with children of about this age 

(Dietrich et al., 1992; Winneke et al., 1979a), and studies with animals (Bushnell & 

Bowman, 1979b) showing this same pattern. 

 

In this study, children with higher lead were more likely to make false responses.  

This effect was evident when data from all ear-hand conditions was combined, and in the 

Left Ear-Left Hand condition.  These findings are remarkably consistent with Winneke�s 

series of studies.  Their studies are among the few that have reported data on false 

responses from their reaction time tests.  Although, unlike this study, they usually did not 

report reaction times, only the percentage of false responses.  Their work indicated lead 

effects were more pronounced for false responses (Winneke et al., 1983a; Winneke et al., 

1985) and that high lead resulted in a significant increase in number of false responses 

(Winneke et al., 1983b; Winneke et al., 1989). 
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The fact that false responses, or inappropriately responding to distractors, were 

most strongly associated with exposure to lead suggests that it may be some other 

function, not just auditory processing, that is being affected by lead in these children.  

The results from the current study are consistent with lead-induced deficits in impulse 

control or inhibitory mechanisms.  Lead-related deficits were most evident in conditions 

that required children to inhibit inappropriate responding.  These findings are consistent 

with a number of behaviour rating studies demonstrating lead-related deficits in impulse 

control in children (Fergusson et al., 1988; Fergusson et al., 1993; Needleman, 1979; 

Needleman, 1982; Silva et al., 1988; Raab et al., 1990; Thomson et al., 1989; Scarily et 

al., 1992) and experimental studies in animals (Munoz et al., 1988; Munoz et al., 1989; 

Rice, 1999; Strupp & Alber, 1994). 

 

The association between PbB and percentage of false responses was most 

pronounced in boys, with PbB accounting for over 20% of the unadjusted variance in 

these scores.   This finding has interesting parallels with the early work of Byers and 

Lord (1943) who reported increased impulsivity in boys, but not in girls.  
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4.7.4 Conclusion 

The results of this study indicate that the speed of correct responses (reaction 

time) was not related to PbB, and the percentage of correct responses to target stimuli 

were relatively insensitive to the effects of lead.  This pattern of results may be related to 

the degree of difficulty of this task, with significant effects only being observed in the 

most difficult condition.  As this same pattern of lead-induced effects being evident at 

difficult, but not easy levels of a task, has frequently been reported in other studies of 

reaction time, the next study will test this possibility by introducing a more complex and 

difficult task of auditory processing.   

 

In this study elevated PbB was associated with an increase in the percentage of 

false responses made.  This was most evident in the dominant ear-hand conditions where 

responses were the fastest.  This pattern has been repeatedly demonstrated in a number of 

other reaction time studies (especially the Winneke et al. studies).  It is a pattern 

consistent with a deficit in impulse control or inhibitory processes.  As such this will also 

be tested in the next study. 

 

To increase the level of difficulty of the auditory processing task, a dichotic 

listening trial was introduced.  Deitrich et al. (1992) introduced a dichotic listening trial 

with the 5-year-olds in their study of auditory processing, but found this condition too 

difficult for children of this age.  It is predicted that this task will be at an appropriate 

level of difficulty for 7-year-old children to optimally tax the CNS and elicit any lead-

related effects. 
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It is hypothesised that lead-related deficits in auditory processing efficiency 

should be observed in this more difficult condition.  Specifically it is predicted that these 

lead-related effects will be evident in the percentage of correct responses made, and the 

speed of correct responses.  It is also hypothesised that the percentage of false responses 

and speed of false responses will be significantly related to lifetime PbB.  The testing of 

these hypotheses will be outlined in the next study. 
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CHAPTER FIVE.  STUDY TWO: 

LEAD AND COMPLEX AUDITORY PROCESSING 
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5.1 Introduction 

Study One found the speed of correct responses (reaction time) in a simple 

auditory processing task was not significantly affected by lifetime PbB level.  Children�s 

basic auditory processing efficiency (percentage of correct responses) was also relatively 

unaffected by the influences of lead.  Whilst lead-related effects were not observed in this 

simple task, previous research, and the pattern of results from this trial, indicated that 

lead-related deficits may only become apparent on more difficult and complex tests of 

auditory processing.  As such it was hypothesised that even though auditory simple 

processing was not affected by lead, auditory processing in more difficult and complex 

conditions would show lead-related deficits.   

 

Whilst children�s responding to target words showed little or no impairment in 

Study One, their ability to inhibit responses to distractor words did show significant lead-

related impairments.  In fact, the largest associations observed in Study One were 

between lifetime PbB and responses to distractor words (false responses).  Therefore it 

was hypothesised that lead-related deficits in inhibition and impulse control would again 

be observed on more difficult trials of auditory processing. 

 

To test these hypotheses, children were asked to participate in trials testing more 

complex auditory processing.  A dichotic listening task was introduced as a more difficult 

test of auditory processing.   In this task children were required to manage their attention 

between different stimuli occurring simultaneously at both ears.  In addition, the children 

were required to identify and respond quickly to target stimuli, whilst inhibiting 
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responses to phonemic distractor words.  (Phonemic distractor words are words of similar 

sound/construction to the target word.)  As this test requires children to maintain their 

attention across both ears and successive trials, and to resist distraction from extraneous 

stimuli, it also places demands on their attentional processes, such as distractability and 

inattention.  This type of task has been found to effectively test complex auditory 

processing, attention management, and impulse control (McFarland & Geffen, 1982; 

Morgan et al., 2001; Prior et al., 1985).  The participants, materials, procedure and results 

of this study are described in this chapter. 

 

Method 

5.2 Participants 

A total of 387 (200 girls and 187 boys) children participated in this stage of the 

study.  The mean age of the participants was 7 years and 7 months.  The majority of the 

participants (314) were from the city of Port Pirie.  The remainder lived in the 

surrounding rural districts (58) and other cities such as Adelaide, Port Augusta, and 

Whyalla (15). 

5.3 Materials 

5.3.1 Handedness Testing 

Handedness and hearing threshold were measured in the same way as Study One. 
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5.3.2 Auditory Processing Equipment 

The auditory processing equipment and auditory testing equipment was as 

described in Study One. 

5.3.3 Stimulus Materials 

Dichotic Word Lists. 

Two sets of 60 different, paired words were presented simultaneously in each of 2 

channels of a 2-channel, half-track tape player.  All 8 dichotic word lists had 10 target 

words, 10 phonemic distractors and 40 non-phonemic words per channel.  The words 

were presented at the rate of 1 word per second.  A full transcript of the dichotic word 

lists appear in Appendix 5.1 

 

5.3.4 Lead Measures 

The lead measures were collected in the same way as described in section 3.4.1. 

5.4 Procedure  

Handedness and hearing threshold were measured were established in Study One. 

 

5.4.1 Presentation of the Dichotic Word Lists 

In the dichotic listening trials the child was required to listen to 2 lists of different 

words, each presented simultaneously but separately to the left and right ears through 

stereo headphones.  The child was asked to respond by pressing a button whenever a 

target word (e.g., �dog�) was detected in either ear.  
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The ear-hand conditions were balanced according to the protocol in Table 5.1.  To 

control for fatigue effects, the protocol was reversed for every second child tested.  For 

left-handed children, ear and hand laterality was reversed: that is, �R� represented the 

dominant side. 

 
Table 5.1 
Counter-Balanced Schedule for Dichotic Monitoring Tasks 
 EAR HAND LIST 

 L R 29 

DICHOTIC R L 30 

 L L 30 

 R R 29 

 

Pre Test Dichotic Practise. 

Step One. 

The experimenter said to the child:  �You will hear 2 different words in each ear 

at the same time.  Each time you hear �DOG� in either your left or your right ear press 

the button.  We will have some practise first.  Watch this spot in front of you and press 

the button quickly whenever you hear �DOG��. 

 
The practise list provided the child with 8 word pairs, with 2 target words in each 

ear paired with a non-phonemic distractor in the other ear.  The words were presented at 

the rate of 1 word every 1.5 seconds.  If the child failed to respond correctly, the tape was 

rewound and the practise repeated.  The child was asked to fix his/her gaze on a central 

point 20 cm distant in order to help maintain equal division of attention between the left 

and right ears.   
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Step Two. 

The child was then told: �Now you will also hear words that sound like �DOG� in 

either ear, but you only press the button when you hear �DOG� in your left or right ear�.  

Twelve word pairs were presented to the child in this practise sequence.  The list had 2 

target words and 2 phonemic distractors in each ear.  The words were presented at the 

rate of 1 word every 1.5 seconds. 

 

Step Three. 

The same dichotic list was then played to the child again.  However this time the 

rate of presentation was 1 pair of words every 1 second. 

Dichotic Presentation 

Following the pre-test dichotic practise, the child was then presented with 4 

dichotic word lists.  The child was then told: �Now you will hear a longer list of different 

words in each ear at the same time.  Each time you hear �DOG� in either ear, press the 

button with your left (right) finger as quickly as possible.  Watch the spot in front of you 

while you are listening to the words.  If you realise later that you heard �DOG� and did 

not press the button, do not press it, just wait for the next time you hear �DOG�.  Are you 

ready?� 

 
This procedure was repeated for the remaining presentations of the dichotic word lists.  

The ear and hand orientation was changed after each trial as per the testing protocol (see 

Table 5.1).  
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5.5 Results 

As in Study One the descriptive data for the sample will be first presented.  For all 

analyses, correct responses data are presented first, and then the false responses data are 

presented.  The data will be analysed in two ways. 

 

1. Lifetime lead will be treated as a polychotomous variable and divided into four 

exposure categories, and percentage of correct responses and speed of correct 

responses treated as continuous variables.  This analysis is more sensitive to dose 

response relationships than linear regression analysis, and is commonly used in 

studies of this type (Bellinger et al., 1994; Dietrich et al., 1992; Needleman et al., 

1996; Wasserman et al., 1984; Wasserman et al., 1999).  With respect to the auditory 

response data, the Both Ear-Both hand data was first considered, and then the data for 

each of the ear-hand conditions was analysed.  With comparisons conducted across 4 

ear-hand conditions, a Bonferroni correction of p< .015 was made (Keppel, 1991). 

 

2. Lifetime PbB will be treated as a continuous variable and auditory processing speed 

and efficiency will be treated as continuous variables.  Simple linear regression and 

hierarchical regression analysis will be conducted to examine the associations 

between the two variables.  

 

Left-handed children were removed from the sample to examine the effect they had 

on the pattern of results.  No changes were evident due to their removal, so left-handed 

children were included in all analyses.  However for these children the protocol was 
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adjusted so that right represented the dominant (left) side.  Children assessed as mixed 

dominance were excluded from the analyses. 

 

5.5.1 Lifetime Blood Lead Exposure and Auditory Processing Speed 

and Efficiency 

Percentage of correct responses 

Descriptive Data  

Children responded correctly to the target word about 42% of the time.  The 

percentage of correct responses ranged from about 32% in the Left Ear-Left Hand 

condition, to 51% in the Right Ear-Right Hand condition (see Table 5.2).   

 

Table 5.2 

Means and Standard Deviations of Percentage of Correct Responses 

 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

N 351 351 351 351 357 

M 31.52 38.50 45.87 51.15 41.78 

SD 24.49 24.52 28.48 28.29 19.81 

 

Lifetime Lead Treated as a Polychotomous Variable 

The target detection rate across ear-hand conditions for each PbB quartile is 

presented in Figure 5.1.  A 4 by 1 ANOVA on the Both Ear-Both Hand data revealed a 

significant effect of lead level, F(3.386) = 5.279, p < .002.  Separate 4 x 1 ANOVAs 

conducted on each of the ear-hand conditions (see Appendix 5.3) revealed a significant 
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effect for the Right Ear-Right Hand data.  The critical ANOVA values for the other ear 

hand conditions are presented in Table 5.3.   Target detection rate was highest in the 

Right Ear-Right Hand condition and lowest in the Left Ear-Left Hand condition.  
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Blood lead quartiles: Q1 = 0-13.15 ug/dl, Q2 = 13.16-17.48 ug/dl, Q3 = 17.49-21.44 ug/dl, Q4 = 21.4--45 ug/dl. 

Note: lelh=left ear-left hand, lerh=left ear-right hand, relh= right ear-left hand, rerh=right ear-right hand 

Figure 5.1. Percentage of correct responses by blood lead quartile. 
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Table 5.3 

Summary of ANOVA Critical Values for Each Ear-Hand Condition     

Condition df,  df devn F p value 

Left Ear-Left Hand  3,350 3.23  .024 

Left Ear-Right Hand  3,350 2.43  .068 

Right Ear-Left Hand  3,350 3.08 .030 

Right Ear-Right Hand 3,350  4.36 .006* 

Both Ears-Both Hands 3,357  5.28 .002* 
* P<.015 

 

Lifetime PbB treated as a continuous variable � Linear Regression Analysis. 

Simple regression analysis revealed an inverse relationship between lifetime PbB 

and target detection rate across all the ear-hand conditions (see Table 5.4).  Lifetime PbB 

accounted for between 3.9% ( < .01) for the Left Ear-Left Hand condition, up to 7.9% 

and 8.8% (  < .001) of the unadjusted variance in the Right Ear-Right Hand and Both 

Ear-Both Hand data respectively.  

p

p

 

The association between lifetime PbB and dichotic target detection in boys was 

significant across all ear-hand conditions (except the Left Ear-Left Hand condition) 

accounting for up to 11.6% of the variance in performance.  In girls (after bonferroni 

correction) not all associations were significant (see Table 5.5).  However lifetime PbB 

still accounted for 8.4% of the unadjusted variance in percentage of correct responses in 

the Both Ear-Both Hand data. 
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Table 5.4 

Regression Coefficients between PbB and Percentage of Correct Responses  

Ear-hand Condition Entire Sample Boys Girls 

 r 

(p) 

r r 

(p) (p) 

-.198* -.204 Left Ear-Left Hand -.167 

(.007) (.023) (.055) 

Left Ear-Right Hand -.201* -.223 -.185 

(.006) (.015) (.038) 

Right Ear-Left Hand -.245* -.285* -.182 

(.001) (.003) (.040) 

Right Ear-Right Hand -.281* -.324* -.213 

(.000) (.020) 

-.296* -.341* -.247* Both Ears-Both Hands 

(.000) (.000) (.008) 
Note. * p < .015.   

Lifetime PbB treated as a continuous variable � Hierarchical Regression Analysis. 

Hierarchical multiple regression analysis was conducted to control for potential 

covariates.  The potential confounders included were birthweight, marital status, maternal 

IQ, maternal education, paternal education, SES, HOME scores and parental cigarette 

smoking.  These variables were included in step one of a two step analysis as they have 

been shown in previous studies to ameliorate the effect of lifetime PbB on measures of 

children�s cognitive abilities, such as the Bayley Scales of Infant Development, the 

McCarthy Scales of Children�s Abilities and the WISC-R (Baghurst et al., 1992; 

Bellinger et al., 1994; Dietrich et al., 1992; McMichael et al., 1988; Wasserman et al., 

1999).  

(.001) 
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A 2 step hierarchical regression was conducted on the percentage of correct 

responses for each of the ear-hand conditions.  The confounders listed above were 

entered in the first step of the analysis and the lifetime PbB was entered at step 2.  The 

critical values from these analyses are listed for each of the ear-hand conditions in Table 

5.5.   

 
Table 5.5 
Summary of Regression Analyses 

 B SE β p ∆R2 

Left Ear-Left Hand  -.741 .332 -.165 

 

.027 .026 

Left Ear-Right Hand  -.725 .333 -.158 .031 .023 

Right Ear-Left Hand  -1.164 .399 -.214 .043 

Right Ear-Right Hand -1.366 -.257 .001 .062 

Both Ears-Both Hands .270 -.257 .000 .062 

 

After controlling for potential covariates lifetime PbB still accounted for a 

significant amount of the variance in percentage of correct responses across the Right 

Ear-Left Hand and Right Ear-Right Hand conditions.  For the Both Ear-Both Hand and 

Right Ear-Right Hand data lifetime PbB accounted for 6.2% of the variance after 

controlling for potential covariates.  The hierarchical regression tables for each of the ear-

hand conditions are presented in Appendices 5.3 - 5.7. 

 

Speed of correct responses 

.004 

.390 

-.969 

The average reaction times of the children ranged from 795 ms for the Right 

Ear-Right Hand condition, up to 965 ms for the Left Hand-Left Ear condition (See Table 

5.6). 
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Table 5.6 

Means and Standard Deviations of Speed of Correct Responses (Reaction Time, 

Milliseconds) 

 Left ear,  

Left hand Right hand 

Right ear, 

Left hand 

Right ear, Both ears, 

Both hands 

 261 219 276 221 340 

M 965.51 875.52 841.53 829.76 

SD 277.43 277.50 2841.80 415.60 

Lifetime Lead Treated as a Polychotomous Variable 

A 4 by 1 ANOVA on the Both Ear-Both Hand data revealed no significant effect 

of lead on speed of correct responses.  Similarly, 4 by 1 ANOVAs conducted on each of 

the ear-hand conditions revealed no lead effects of speed of correct responses. 

 

Note: lelh=left ear-left hand, lerh=left ear-right hand, relh= right ear-left hand, rerh=right ear-right hand 

Figure 5.2. Speed of correct responses (reaction time) by blood lead quartile.  
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Right hand 

N
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Blood lead quartiles: Q1 = 0-13.15 ug/dl, Q2 = 13.16-17.48 ug/dl, Q3 = 17.49-21.44 ug/dl, Q4 = 21.4--45 ug/dl. 
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Linear Regression Analysis 

Simple linear regression analysis revealed no significant direct associations 

between lifetime PbB and any of the ear-hand conditions.   

 

Hierarchical Regression Analysis 

As no significant linear associations were revealed hierarchical analysis was not 

conducted.   

 

5.5.2  Lifetime Blood Lead Exposure and Auditory Processing Errors 

 

False Responses 

Each dichotic word list consisted of 60 words.  In addition to the 10 target words, 

each list contained 10 phonemic and 40 non-phonemic distractors (see Appendix 5.1).  

In each dichotic trial, a different list was presented to each ear therefore, children were 

presented with a total 20 target words and 20 phonemic distractors per trial.  Each time a 

child responded to a phonemic distractor this was recorded as a false response.  If the 

child made a false response, the response time was also recorded (in milliseconds). 
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Percentage of false responses 

Descriptives 

Across all of the ear-hand conditions participants responded to between 9 to 13% 

of the phonemic distractors (see Table 5.7). The cell numbers in Tables 5.7 and 5.8 are 

different as 0% is included as a valid score for percentage false responses but in these 

cases no reaction times are recorded. 

Table 5.7 

Means and Standard Deviations for False Responses 

 

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand Right hand 

Both ears, 

Both hands 

N 351 351 351 

 

Left ear,  Right ear, 

 351 347 

M 10.90 8.06 13.76 9.07 10.68 

SD 12.08 12.33 11.35 9.57 

 

A 4 by 1 ANOVA on the Both Ear-Both Hand data revealed no significant effect of lead 

on percentage of false responses.  Similarly, separate 4 by 1 ANOVAs conducted on each 

of the ear-hand conditions revealed no lead effects on percentage of false responses.  The 

percentage false responses across each quartile for each of the ear-hand conditions is 

presented in Figure 5.3.   

9.99 

Lifetime PbB as a polychotomous variable. 
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Blood lead quartiles: Q1 = 0-13.15ug/dl, Q2 = 13.16-17.48 ug/dl, Q3 = 17.49-21.44 ug/dl, Q4 = 21.45-45 ug/dl. 

Note: lelh=left ear-left hand, lerh=left ear-right hand, relh= right ear-left hand, rerh=right ear-right hand. 

 Percentage of false responses by blood lead quartile. 

 

Lifetime PbB as a continuous variable -Linear regression analysis. 

Simple linear regression analysis revealed no association between lifetime PbB 

and percentage of false responses within any of the ear-hand conditions. 

 

Figure 5.3.

Lifetime PbB treated as a continuous variable � Hierarchical Regression Analysis. 

No hierarchical multiple regression analysis of the percentage of false responses 

was conducted as simple (least squares) regression analysis revealed no significant 

relationship between lifetime PbB and any of the ear-hand conditions 
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Speed of false responses 

The average time taken to respond to these distractors across the various ear-hand 

conditions ranged from 894 ms to 1307 ms (see Table 5.8). 

 

Table 5.8 

 Means and Standard Deviations for Speed of False Responses (Reaction Time)

 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

N 309 332 332 352 

 1047.16 1307.78 894.50 1232.00 

SD 622.04 417.11 721.65 502.82 

 

Lifetime PbB as a polychotomous variable. 

The average time (in milliseconds) taken to respond to distractor words in each 

ear-hand condition and across the 4 lead levels is presented in Figure 5.4.  A 4 by 1 

ANOVA on the Both Ear-Both Hand data revealed no significant effect of lead on speed 

of false responses.  Separate 4 by 1 ANOVA�s conducted on each of the ear-hand 

conditions revealed no effect of lead on speed of false responses.    

Both hands 

318 

M 923.45 

725.24 
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Blood lead quartiles: Q1 = 0-13.15ug/dl, Q2 = 13.16-17.48 ug/dl, Q3 = 17.49-21.44 ug/dl, Q4 = 21.45-45 ug/dl. 

Note: lelh=left ear-left hand, lerh=left ear-right hand, relh= right ear-left hand, rerh=right ear-right hand. 

 Speed of false responses by blood lead quartile (reaction time). 

 

Linear regression analysis 

The relationship between lifetime PbB and reaction time to distractor words was 

analysed using simple linear regression.  The analysis revealed no significant association 

between lifetime PbB and reaction time within any of the ear-hand conditions. 

However the analysis did reveal a significant direct relationship between lifetime 

PbB within the right hand conditions and the Both Ear-Both Hand data in boys.  It 

revealed no significant relationships between PbB and speed of false responses for girls 

(see Table 5.9).  This intriguing pattern of results will be discussed in more detail in 

Chapter 7. 

Figure 5.4.
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Table 5.9 

Regression Coefficients for Speed of False Responses 

Ear-hand Condition Entire Sample Boys Girls 

 r 

(p) 

r 

(p) 

r 

(p) 

-.047  .069 Left Ear-Left Hand 

(.316) (.288) 

 .045  .343* Left Ear-Right Hand 

-.229 

(.037) 

-.145 

(.333) (.004) (.144) 

 .121  .236  .005 

(.032) (.484) 

 .169 -.027 Right Ear-Right Hand 

(.052) (.422) 

Both Ears-Both Hands  .035 -.166 

 (.340) (.062) 
** p < .015. 

 

Hierarchical Regression Analysis. 

Hierarchical analysis was not conducted on the entire sample data as simple linear 

regression analysis revealed no significant association between lifetime PbB and any of 

the ear-hand conditions for speed of false responses. 

 

Right Ear-Left Hand 

(.105) 

 .367* 

(.004) 

 .236* 

(.014) 

 213



5.6 Results Summary 

Correct Responses 

1. There was a direct inverse relationship between lifetime PbB and percentage of 

correct responses in the dichotic word trials.  This association was highest in the 

Both Ear-Both Hand data, where Lifetime PbB accounted for 8.8% (unadjusted) 

and 6.2% (adjusted) of the variance in target word detection rates.  

2. No significant associations were found between lifetime PbB and speed of correct 

responses in any of the ear-hand conditions, or the Both Ear-Both Hand data.  

Linear regression analysis failed to show any significant association between PbB 

and speed of correct responses (reaction time). 

 

False Responses 

3. No significant effect for lifetime PbB on false responses was for the percentage of 

responses or speed of false responses.  Linear regression analysis failed to show 

any significant association between percentage of false responses or speed of false 

responses (reaction time) and PbB. 

 

Other Findings 

Gender effects were present across many of the experimental conditions.  For 
speed of false responses the regression coefficients were in opposite directions! 
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5.7 Discussion 

A dichotic listening task designed to test children�s ability to effectively process 

complex auditory stimuli and inhibit their responding to distractor words was 

administered to participants in this study.  It was predicted that this more difficult task of 

auditory processing would be sensitive to the effects of lead.  As hypothesised, the results 

indicated that children�s auditory processing (percentage of correct responses) in this 

study was significantly associated with lifetime PbB levels.  However, the hypothesised 

relationship between PbB and the percentage of false responses was not found. 

 

The results of this study indicated that lifetime PbB did exert a significant 

influence on children's complex auditory processing (dichotic listening) performance.  

The association was quite strong, and persisted after control for potential confounders. 

Similar results have been reported by Dietrich et al. (1992), who reported the children�s 

ability to recognise monosyllabic words presented in a distorted condition (muffled) was 

inversely related to foetal and postnatal lead measures.  This relationship persisted after 

control for the relevant developmental covariates.  The studies however, are different, in 

that Dietrich et al. did not use a dichotic processing condition as they found the task to be 

too difficult for most of the 5-year-olds in their study.   

 

The other main variation introduced in this study was the simultaneous 

presentation of different stimuli to each ear.  In Study One children were presented with 

just 1 word at a time.  In Study Two, the children were presented with 2 words 
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simultaneously.  In this situation the child was required to process different sets of 

information simultaneously presented at each ear.  They had to identify and respond to 

the target word, whilst simultaneously inhibiting responses to phonemic distractors.  So 

in addition to effectively processing auditory stimuli, to be successful in this task the 

child had to manage their attention across both ears, being alert to the presentation of the 

target word in either ear.  As such, the lead-related deficits in this condition may be 

related to deficits in attentional processes, not auditory processing per se.  Inattention and 

freedom from distractability, appear to be the dimensions of attention most likely 

implicated in this respect.  

 

The results of Study One indicated that ability to inhibit inappropriate responding 

(percentage of false responses) was the condition most sensitive to early lifetime Pb.  It 

was hypothesised this effect would also be evident in the more difficult, dichotic listening 

trials.  Unlike Study One, Study Two found the measures of distractor detection (false 

responses) were largely insensitive to the effects of lead.  As previously discussed, lead-

related, increased impulsivity has been observed in a number of previous studies 

conducted with children and animals.  It was not observed in this study. 

 

One explanation for this finding could be related to the level of difficulty of the 

trials.  The children correctly responded to target words with only 30 �50% success, so 

there may have been little cognitive time or space left to respond to distractor words.  

This task may have over-taxed the CNS in many children and therefore masked any lead-

related effects.  As such a floor effect may have been operating here.  Certainly the 
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average response rate to distractors was quite low (8-13%).  Further, in each condition 

between 99 and 141 children made no false responses at all and so were lost to further 

data analysis.  In Study One almost all children made false responses.  This loss of a 

significant number of data points may also account for no effect being observed in this 

condition. 

 

The pattern of results from this study reinforce the importance of choosing tests 

at the optimal level of difficulty.  The auditory processing tasks in Studies One and Two 

were quite similar, yet a very easy levels (Study One) no effects were observed for 

percentage of correct responses made, whereas strong effects were evidenced when the 

task was more difficult (Study Two).  Conversely for the percentage of false responses, 

no effects were observed at more difficult levels of the task (Study Two), yet strong 

effects were observed at the easier level (Study One). 

 

The results from Study One suggested lead-related deficits in impulsivity.  The 

findings from Study Two indicated impairment to other attentional processes such as 

distractability and inattention.  If distractability, impulse control and attentional processes 

are vulnerable to the effects of lead exposure, then presumably evidence of this should be 

evident in other domains of the child's life.  This will be the focus of the next study.  It is 

predicted that lead-related deficits in impulse control and attentional behaviour should be 

evident in the school and home environment.  Specifically it is hypothesised that PbB 

would be significantly associated with parent and teacher ratings of impulsivity and 

attention. 
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CHAPTER SIX.  STUDY THREE:  

LEAD AND BEHAVIOUR 
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6.1 Introduction 

Study One found that impairment in simple auditory processing was associated 

with lifetime exposure to environmental lead.  In particular PbB was associated with 

higher rates of phonemic distractor detection (percentage of false responses).  On the 

other hand, lifetime PbB was not associated with speed of auditory processing or target 

detection efficiency.  However, the pattern of results suggested that the strongest 

associations with lifetime PbB might be observed not with simple auditory processing, 

but with auditory processing in more complex conditions where the potential for 

distraction and demands on attention were higher.   

 

To test this, Study Two required participants to respond to an auditory stimulus in 

more complex conditions.  Using a dichotic listening task greater opportunity for 

distraction existed, and the maintenance of attention was more difficult.  The results of 

this study revealed impaired auditory processing (decreased percentage of correct 

responses) was significantly associated with higher lifetime PbB.   

 

In conjunction, the results of Studies One and Two indicated impairments to 

impulse control and management of attention during auditory processing tasks associated 

with increased PbB.  Children with higher lifetime PbB made more errors in simple 

auditory processing tasks, and fewer correct responses in the more complex auditory 

processing tasks.  These results further supported the notion that a certain pattern of 

auditory processing deficit was associated with higher lifetime PbB.  The pattern of 

 219



results was consistent with lead-related impairments of auditory attentional processes, 

such as increased distractability and impulsivity.   

 

If higher lifetime PbB is associated with deficits in attentional processes then it 

would be expected that these differences should be apparent in other domains of the 

child�s life, and this would be reported in the literature.  Indeed, many previous studies of 

the effects of lead on behaviour, have reported an association between blood lead and 

impulsivity (Fergusson et al., 1988; Fergusson et al., 1993; Needleman, 1979; 

Needleman, 1982; Silva et al., 1988; Raab et al., 1990; Thomson et al., 1989; Scarily et 

al., 1992), inattention (Ferguson et al., 1988; Fergusson et al., 1989; Fergusson et al., 

1993; Hansen et al., 1987; Hatzakis et al., 1985; Needleman, 1979; Needleman, 1982; 

Needleman et al., 1996; Roberts et al., 2000; Walkowiak et al., 1998; Winneke, 1983; 

Winneke & Kramer, 1984; Winneke et al., 1987; Yule & Lansdown, 1986), and 

distractability (Bellinger et al., 1981; Fergusson et al., 1989; Fergusson et al., 1993; 

Leviton et al., 1993; Needleman, 1979; Needleman, 1982; Winneke, 1983; Winneke & 

Kramer, 1984). 

 

To test the hypothesis that increased PbB would be associated with behaviour 

ratings of attentional problems, a shortened version of the Conner�s Teacher Rating Scale 

and the Conner�s Parent Rating Scale were administered to the teachers and parents of 

children in the study.  If an association between lifetime PbB and attentional processes 

exits, as suggested by the auditory processing studies, then this association should also be 

found in behavioural ratings.  Specifically, scores on the Hyperactivity/Impulsivity and 
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the Immature/Inattention subscales of the Conner�s Rating Scale are expected to be 

associated with measures of lifetime lead exposure in the study children. 

 

Method 

6.2 Participants 

Parent questionnaires for 492 children, and the teacher questionnaires for 454 

children were collected for this stage of the study.  The mean age of the children at time 

of assessment was 7 years and 4 months.  For the parent questionnaire, the majority of the 

participants (407) were from the city of Port Pirie.  The remainder lived in the 

surrounding rural districts (57) and other areas such as Adelaide, Port Augusta, and 

Whyalla (18).  The precise number of teachers involved in this study is not known, as the 

number of cohort children in any one class ranged from 1 to 22.  It is estimated about 70-

100 teachers were involved.  The children rated in these questionnaires came from Port 

Pirie (379), surrounding country districts (57) and other towns and cities (28) in South 

Australia. 

 

6.3 Materials 

6.3.1 Conner�s Rating Scales 

An Australian adaptation of the Conner�s Behavior Rating Scales was used in this 

study (Glow, 1987).  Two versions were used: The Parent Rating Scale and the Teacher 

Rating Scale.  Both were originally developed by Conner�s et al. (1973).  The Conner�s 

Parent Rating Scale is a 45 item questionnaire, in which parents are asked to respond on a 
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0, 1, 2 scale.  The Conner�s Teacher Rating Scale is a 21-item scale, in which the teachers 

are asked to respond on a 0, 1, 2 scale.  A full description of these scales including their 

psychometric properties is provided in Chapter 3. 

6.3.2 Lead Measures 

The lead measures used in this study are described in section 3.4.1.2. 

 

6.4 Procedure  

The teachers completed the Teacher Rating Scale at about the time of the 7-year-

old psychological assessment conducted at the child's school.  The Conner�s Parent 

Rating scales were completed by the parents at the time of their child�s 7-year interview 

and blood test conducted at the nearest hospital.  In both situations, the questionnaires 

were checked upon completion and, if required, the participants were asked to complete 

any missing items. 
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6.5 Results 

The results were analysed using SPSS version 9.0.  Initially a comparison of 

participants in the study to those lost to follow-up will be presented.  This will be 

followed by a description of the blood lead characteristics of the sample.  The 

psychometric properties of the Conner�s Parent and Teacher scales will then be 

considered.  The data from the Conner�s Parent�s Rating scale will first be considered, 

followed by the analysis of the Conner�s Teacher Rating Scale data.  For three reasons 

only two subscales from the Conner�s Rating Scales were used in the analyses, the 

Immature/Inattention scale and the Hyperactive/Impulsive scales.  First, previous 

research reports have consistently indicating lead effects in the area of inattention and 

impulsivity.  Second the pattern of results from Studies One and Two indicate these as 

variables of interest in this study.  Third, limiting the planned comparisons to only two 

subscales reduces the likelihood of Type 1 error.  

 

As in Studies One and Two the data were treated in two ways: 

1. Lifetime lead was treated as a polychotomous variable and divided into four exposure 

categories, and Conner�s Teacher Rating Scale and Conner�s Parent Rating Scale 

were treated as continuous variables. 

 

2. Lifetime PbB was treated as a continuous variable and Conner�s Teacher Rating Scale 

scores and Conner�s Parent Rating scores were treated as continuous variables.  

Simple linear regression and hierarchical regression analysis was conducted to 

examine the associations between the two variables.  
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6.5.1 Characteristics of the Sample 

In order to check if the study sample differed from the original cohort in any 

systematic way, or if any selection biases existed, the characteristics of the participants in 

this study were compared with those lost to follow-up (see Table 6.1).  The only variables 

in which significant differences were noted were low birth weight, marital status, and 

father's occupation.  This pattern is almost identical to that described in Study One.  Once 

again, the increased vocational mobility of young professionals and the higher likelihood 

of single mothers to marry and move from the district probably account for these 

findings.  The higher rate of low birth weight babies in the non-participant group is hard 

to explain. 

Table 6.1 

Comparison of Participants in Study Three and Those Lost at Follow-Up 

Characteristics Questionnaires 
Completed

Questionnaires not 
Completed 

Significance 

M N M N ( ) 

Gestational age      
  <=40 weeks 333 38.32 188 .000 

  >40 weeks 41.43 155 41.65 .079 

     

  <=2500 2207.33 30 21 .000 

  >2500 <=3499 3131.43 252 3146.97 152 .526 

 

 p

39.07 

74 

Birth weight 

1674.29 

  >3500 3865.54 208 3818.45 87 .224 

(table continues) 
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Characteristics Questionnaires 

Completed
Questionnaires not  

Completed 
Significance 

  N M N (p) 

     

35.60 226 35.57 112 .778 

  <=34 (median) 33.07 255 33.04 .871 

    

  <=median (53cm) 50.65 249 144 .233 

  >median 235 56.02 106 .459  

M  

Head circumference 

  >34 (median) 

135 

Birth length  

50.15 

56.18 

Oxygen use at birth      

  Yes 35.60 225 35.57 113 .714 

  No 33.07 255 33.04 165 .871 

Neonatal jaundice      

  Yes 37.5% 183 42.2% 106 .134 

  No 62.5% 305 57.8% 145 .201 

5 min Apgar score      

  <=9 8.58 402 8.54 194 .609 

  >9 10 83 10 51  

Feeding style      

  Breast 79.7% 389 83.1% 206 .321 

  Bottle 15.4% 75 16.9% 42 .274 

  Mixed 4.9% 0% 0  

      

Marital status     

  Single 7.5% 37 15.0% 40 .032 

  Married � 2             
parents 

91.9% 452 82.0% 219 .041 

 Widowed/divorced 3 3.0% 8  

 
(table continues) 

24 

 

0.6% 

 225



 
Characteristics 

Completed
Questionnaires not  

Completed 
Significance 

 M N M N (p) 

Fa's Education      

 < 3 yrs secondary 15.8% 69 16.1% .129 

 ≥ 3 yrs secondary 77.1% 336 69.1% 154 .030 

      tertiary 7.1% 31 14.8% 33 .026 

Gender      

  Male 47.1% 231 145 .071 

  Female 52.9% 261 49.7% 108 .089 

Maternal Lead 
exposure 

     

  Antenatal PbB 10.06 478 10.02 261 .880 

  Maternal PbB 10.58 10.16 227 .272 

  Cord PbB 9.41 423 8.94 218 .184 

 

 

Tables 6.2, 6.3 and 6.4 present the maternal blood lead levels, and children's 

blood lead levels at birth, and post-natally from various ages from 6 months to 7 years.  

The blood lead levels peaked at about 15 months and 2 years of age and then slowly 

declined with age.  At p < .05 there was no significant difference between boys� and 

girls� recorded blood lead levels at any age point (see Table 6.4). 

Questionnaires 

36 

50.3% 

430 
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Table 6.2 

Concurrent and Cumulative Mean Blood Lead Levels: Antenatal and Various Ages from 

Birth to Seven Year  

Exposure 
Category 

   N M SD 95% 
CI 

Min Max 

      
Antenatal 477 10.06 3.59 9.74-10.38 3.00 33.20 
Delivery 429 10.58 4.79 10.13-11.04 32.20 
Cord 422 9.41 4.50 8.98-9.84   .90 36.70 
      

s

 

2.50 

 
Concurrent blood 
lead  

      

6 month 466 15.69 6.51 15.10-16.28 2.30 40.10 

15 month 467 22.68 9.18 5.10 56.90 

2 years 22.63 8.34 21.87-23.38 8.20 

3 years 464 20.63 19.93-21.33 4.90 62.20 

21.84-23.51 

471 52.00 

7.67 

4 years 458 17.59 6.76 16.98-18.22 5.00 40.50 

5 years 453 15.60 6.21 15.02-16.17 4.80 40.70 

6 years 444 13.59 5.41 13.09-14.10 3.50 35.90 

7 years 443 12.71 5.50 12.19-13.22 2.00 40.70 

       
Cumulative blood 
lead  

     

6 month 412 12.65 4.67 4.70 36.40 

15 month 16.69 5.64 16.14-17.25 5.60 

2 years 399 19.10 18.48-19.71 6.10 40.40 

391 20.07 6.34 19.44-20.69 41.50 

4 years 384 6.18 19.34-20.58 7.00 41.50 

376 19.37 6.02 18.76-19.98 40.40 

6 years 361 5.77 18.06-19.26 6.70 38.90 

7 years 349 17.88 5.56 6.60 37.00 

 

 

12.20-13.10 

404 35.00 

6.25 

3 years 7.00 

19.96 

5 years 6.80 

18.66 

17.30-18.47 
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Table 6.3 

 

Comparison of Participants versus Those Lost to Follow Up  Concurrent and Cumulative 

PbB Level: Antenatal, and Various Ages from Birth to Seven Years

Exposure 
category 

Participants Lost to Follow up  

 M CI N M CI N p value 
 Ug/dl 95%   95%   

        
Antenatal 10.06 9.73-10.38 477 10.02 9.59-10.45 262 .884 
Delivery 10.58 10.13-11.04 429 10.15 9.59-10.71 228 .255 
Cord 9.40 8.97-9.84 422 8.95 8.43-9.46 219 .197 
        
Concurrent blood 
lead  

       

6 month 15.69 15.10-16.28 466 15.06 14.21-15.91 184 .257 

15 month 22.68 21.84-23.51 467 22.38 20.81-23.94 149 .730 

2 years 22.62 21.87-23.38 471 22.19 20.76-23.61 123 .600 

3 years 20.63 19.93-21.33 464 20.72 19.40-22.04 100 .915 

4 years 17.60 16.98-18.22 458 17.94 16.65-19.23 79 .674 

5 years 15.60 15.03-16.17 453 15.86 14.51-17.22 67 .741 

6 years 13.60 13.09-14.10 444 13.24 11.72-14.76   44 .675 

7 years 12.71 12.20-13.22 443 12.30 10.42-14.18 34 .675 

Cumulative blood 
lead  

       

6 month 12.65 12.19-13.10 412 11.98 11.36-12.60 160 .109 

15 month 16.70 16.14-17.25 404 16.16 15.20-17.11 127 .343 

2 years 19.10 18.48-19.71 399 19.04 17.91-20.16 105 .927 

3 years 20.07 19.43-20.69 391 19.74 18.51-20.97 87 .659 

4 years 19.96 19.34-20.58 384 20.08 18.78-21.38 70 .878 

5 years 19.37 18.76-19.98 376 19.38 18.03-20.73 58 .983 

6 years 18.66 18.06-19.26 361 18.57 16.81-20.32 36 .925 

7 years 17.88 17.30-18.47 349 17.64 15.59-19.70 27 .830 
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Table 6.4 

Comparison of Males versus Females Concurrent and Cumulative PbB Level: Antenatal, 

and Various Ages from Birth to Seven Years 

Exposure 
category 

Male Female  

 CI N M CI N p value 
 Ug/dl 95%   95%   

        
Antenatal 9.84 9.37-10.31 224 10.26 9.81-10.70 253 .203 
Delivery 10.23 9.61-10.84 199 10.89 10.23-11.55 230 .151 
Cord 9.01 8.42-9.54 196 9.76 9.13-10.38 226 .088 
        
Concurrent blood 
lead  

       

6 month 15.40 14.56-16.24 221 15.95 15.11-16.79 245 .369 

15 month 22.34 21.14-23.54 216 22.97 21.81-24.14 251 .454 

2 years 22.80 21.66-23.95 219 22.48 21.47-23.48 252 .671 

3 years 20.81 19.79-21.82 215 20.48 19.51-21.45 249 .651 

4 years 17.29 16.39-18.20 213 17.86 17.01-18.72 245 .371 

5 years 15.49 14.69-16.30 210 15.69 14.88-16.51 243 .732 

6 years 13.84 13.08-14.60 206 13.38 12.70-14.06 238 .370 

7 years 12.61 11.89-13.33 202 12.79 12.06-13.52 241 .737 

        
Cumulative blood 
lead  

       

6 month 12.26 11.62-12.90 193 12.99 12.35-13.63 219 .114 

15 month 16.32 15.54-17.11 187 17.02 16.24-17.11 217 .219 

2 years 18.87 17.98-19.76 183 19.29 18.44-20.15 216 .496 

3 years 20.02 19.07-20.96 178 20.11 19.25-20.96 213 .890 

4 years 20.01 19.07-20.94 175 19.91 19.08-20.75 209 .878 

5 years 19.38 18.46-20.30 171 19.35 18.52-20.17 205 .959 

6 years 18.69 17.78-19.60 163 18.64 17.84-19.44 198 .931 

7 years 17.99 17.09-18.90 156 17.79 17.02-18.57 193 .734 

 M
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6.5.2 Descriptive Data 
 

6.5.2.1  Reliability of Conner�s Scales 

Analyses were carried out on each subscale of the Conner�s Parent Rating Scale 

and the Conner�s Teacher Rating Scale revealed high internal consistency of both of the 

scales.  All the scales had high alphas, ranging from .78 to .88 (see Table 6.5).   

 

Table 6.5 

Cronbach Alpha Coefficients for Conner�s Teacher Rating Scale and Conner�s Parent 

Rating Scale 

Scale Teacher Rating Scale Parent Rating Scale 

Immature/Inattention .88 .78 

Impulsive/Hyperactivity .84 .81 

 

Table 6.6 presents the data for the correlations between the Conner�s Parent 

Rating Scale scores and the Conner�s Teachers Rating Scale.  Whilst all the associations 

are highly significant (p < .001), it must be noted, for scales measuring the same 

behaviours in the same children, the coefficients (r = 0.40 to r = 0.45) were perhaps not 

as high as expected.  The associations between the Teacher Rating Scale and the Parent 

Rating Scale for girls and for boys are listed in Appendices 6.1 and 6.2.   
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Table 6.6 

Correlation Matrix Between Conner�s Teacher Rating Scales and Conner�s Parent Rating 

Scales 

 Conner�s Parent Rating Scale 

 Immature 

Inattentive 

Impulsive 

Hyperactive 

Conner�s 

Teacher Rating 

Scale 

r 

(p) 

r 

(p) 

 
Immature 

Inattentive 

.48 

(.000) 

.44 

(.000) 

Impulsive 

Hyperactive 

.45 

(.000) 

.40 

(.000) 

 

6.5.3 Lifetime Blood Lead Exposure and Conner�s Rating Scale Scores 

Conner�s Parent Rating Scale 

Lifetime lead treated as a polychotomous variable. 

Separate one-way ANOVA�s with 4 levels of lead exposure were conducted on 

each of the subscales.  This analysis was chosen because the relationship of interest was 

the effect of lifetime PbB exposure on each of the behaviour scales, not the relationship 

between the subscales.  Inspection of Figure 6.1 reveals a clear trend on each of the 

subscales, indicating that as lifetime PbB increases mean scores of the Conner�s Scale 

scores increase. 
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Blood lead quartiles: Q1 = 0-13.82 ug/dl, Q2 = 13.82-17.52 ug/dl, Q3 = 17.52-21.36 ug/dl, Q4 = 21.36-45 ug/dl. 

Figure 6.1.  Summary of means for Conner�s Parent Rating Scale by blood lead quartile. 

 

The F-values and significance levels for both of the ANOVA's performed on the 

data are presented in Table 6.7.  The effect of lifetime PbB on each behaviour scale was 

significant at the p < .001 level. 

 

Table 6.7 
Summary of ANOVA Critical Values for Conner�s Parent Rating Scales 

Behaviour Scale F p value 

Immature Inattentive 9.70 (3,481) .000 

Hyperactive Impulsive 12.69 (3,481) .000 
Note.  Analysis includes only children with all the lifetime PbB measures completed. 
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Lifetime PbB treated as a continuous variable. 

Simple regression analysis conducted on the entire sample revealed a direct 

relationship between lifetime PbB and the Hyperactive/Impulsive and the Immature 

/Inattentive scores of the Conner�s Parent Rating Scales.  Lifetime PbB accounted for up 

to 8.0% of the variance in behaviour scores (see Table 6.8).   

 

For girls, lifetime PbB accounted for between 8.8% and 11.3% of the variance in 

behaviour scores, with each of the associations significant at the p < .001 level.  For boys, 

lifetime PbB accounted for between 3.4% and 5.3% of the variance.  For boys, girls, and 

the entire sample the p values indicating the significance of the relationship between 

lifetime PbB and the subscale scores were all < .01.  The association between lifetime 

PbB and parent behaviour ratings was much higher in girls than in boys (see Table 6.8).  

 

Table 6.8 

Regression Coefficients for The Conner�s Parent Rating Scale and Lifetime PbB � Boys, 

Girls and Total Sample 

 Entire Sample Boys Girls 

Conner�s 

Scale 

r 

(p) 

r 

(p) 

r 

(p) 

.282 .230 .336 Hyperactive/Impulsive 

(.000) (.001) (.000) 

.251 .214 .297 Immature/Inattentive 

(.000) (.003) (.000) 
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Hierarchical Regression Analysis  

Hierarchical multiple regression analysis was conducted to control for potential 

covariates.  The potential confounders included were birthweight, marital status, maternal 

IQ, maternal education, paternal education, SES, HOME scores and parental cigarette 

smoking.  These variables were included in step one of a two step analysis because they 

have been shown in previous studies to ameliorate the statistical effect of lifetime PbB on 

global measures of children�s' cognitive abilities, such as the Bayley Scales of Infant 

Development, the McCarthy Scales of Children�s Abilities and the WISC-R (Baghurst et 

al., 1992; Bellinger et al., 1994; Dietrich et al., 1992; McMichael et al., 1988; Wasserman 

et al., 1999).  

 

A two-step hierarchical regression was conducted on both subscales of the 

Conner�s Parent Rating scale.  The potential confounders were entered in the first step of 

the analysis and the lifetime PbB was entered at step two.  The critical values from these 

analyses are listed for each scale in Table 6.9.   

 
Table 6.9 

Summary of Hierarchical Regression Analyses for Lifetime PbB for Conner�s Parent 

Rating Scales 

 B SE β ∆R2 p 

Hyperactive/Impulsive .116 .035 .154 .020 .001 

Immature/Inattentive .01 .024 .146 .017 .002 

 

After controlling for potential covariates, lifetime PbB still accounted for a 

significant amount (1.7% and 2.0%) of the variance in each of the behaviour rating 
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scores.  A full summary of the hierarchical regression tables for each behaviour scale 

appears in Appendices 6.3 and 6.4. 

 
Conner�s Teacher Rating Scale 

Lifetime PbB as a polychotomous variable 
Separate one-way ANOVAs with 4 levels of lead exposure, were conducted on 

each of the Conner�s Teacher Rating Scales.  As with the Parent Rating Scale, this 

analysis was conducted because the focus of interest was on the effects of lead on 

behaviour, not on the relationship between the behaviour rating subscales.  The mean 

scores by blood lead quartile for both of the subscales are presented in Figure 6.2.  The 

results of the ANOVA's are presented in Table 6.10.  The analysis reveals a significant 

effect (p < .001) for both of the subscales. 

0

5

10

15

20

25

30

immature inattentive hyperactive impulsive

Behaviour
Score

Q2 Q3 Q4Q1

 

Blood lead quartiles: Q1 = 0-13.82 ug/dl, Q2 = 13.82-17.52 ug/dl, Q3 = 17.52-21.36 ug/dl, Q4 = 21.36-45 ug/dl. 

Figure 6.2.  Summary of means for Conner�s Teacher Rating Scale by blood lead 

quartile. 
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Summary

Table 6.10 

 of Critical ANOVA Values for the Conner�s Teacher Rating Scales Across 

Level of Lifetime PbB (Quartiles). 

Behaviour Scale F p value 

Immature/Inattentive 8.94 (3,439) .000 

Hyperactive/Impulsive 8.24 (3,439) .000 

 

Lifetime P us vabB treated as a continuo riable. 

Simple linear regression analysis revealed lifetime PbB accounted for up to 3.7% 

sion coefficients were significant for each 

of the scales (see Table 6.11), accounting for between 2.8 and 3.7% of the unadjusted 

variance.  The variance accounted for in boys ranged from 1.7% to 3.7%.  For girls, the 

associations were higher, with lifetime PbB accounting for 3.5% and 5.6% of the 

variance in behaviour scores.  A 2 (behaviour scales) by 2 (gender) factorial ANOVA 

revealed a significant (F=10.78 (1,449), p

of the variance in behaviour scores.  The regres

 < .001) main effect for gender. 

 

Table 6.11 

Regression Coefficients for Lifetime PbB and The Conner�s Teachers Rating Scale 

Sample Boys Girls  Entire 

Conner�s r

Scale 

 r r 

(p) (p) (p) 

.168 .157 .188 

Impulsive 

.236 matur

Hyperactive 

(.001) (.026) (.005) 

.191 .144 Im e 

Inattentive (.000) (.038) (.001) 
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Hierarchical Regression Analysis 

A two-step hierarchical multiple regression was conducted on the two subscales 

of the Conner�s Teacher Rating Scale.  The same confounders were used as for the 

analysis of the Conner�s Parent Rating Scale.  These confounders were entered in the first 

step of the analysis and the lifetime PbB was entered at step 2.  For each subscale, after 

controlling for the potential covariates, lifetime PbB no longer accounted significant 

additional variance in behaviour rating scores. 
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6.6 Results Summary 

 

 

1.  Lifetime PbB accounted for a significant amount of the variance in Conner�s Parent 

Behaviour Rating Scale scores.  It accounted for 5.9% and 7.3% of the unadjusted 

variance, and 1.7% and 2.0% of the adjusted variance in the Immature/Inattentive, and 

Hyperactive/Impulsive scores respectively. 

2.  The unadjusted associations between lifetime PbB and Teacher Rating Scores were 

significant and accounted for 2.8% and 3.7% of the variance in the behaviour scores.  

After controlling for potential covariates these associations were no longer significant. 

3.  The associations between lifetime PbB and girls� behaviour scores as rated by parents 

were much higher (11.2%) than the associations for boys (4.6%). 

 

These results indicate that an increase in lifetime PbB was associated with higher 

Hyperactivity/Impulsivity, and Immature-Inattention scores on the Teacher Rating Scale 

and the Parent Rating Scale.  For the parent ratings, these scores remained significant 

after controlling for potential confounders. 
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6.7 Discussion 

6.7.1 Review 

Lifetime PbB and behaviour ratings (Hyperactive/Impulsive, 

Inattentive/Immature subscales of the Conner Behaviour Rating Scales) in this study 

were found to be significantly positively associated.  For parental reports, but not teacher 

reports, these associations remained significant after controlling for potential covariates.  

This finding lends strength to previous studies reporting the negative effects of lead on 

children�s behaviour.  It is also broadly consistent with the findings of other extended and 

prospective studies (Bellinger et al., 1994; Leviton et al., 1993; Needleman et al., 1996; 

Wasserman et al., 1999) of the effects of exposure to environmental lead on behaviour.   

 

The stronger associations between parent ratings and lead than those found 

between teacher ratings and children�s lead levels warrants comment.  Firstly, and most 

obviously, parents and teachers are rating behaviours in very different contexts and it is 

possible lead related behaviours may be more evident in one context than the other.  On 

one hand parents usually were aware of their children�s lead levels and thus their ratings 

may reflect an expectancy of lead-related behavioural disturbances.  On the other hand, 

teachers were less likely to be aware of a child�s lead level but their awareness of socio-

economic and other factors may have influenced their ratings.  In addition, some teachers 

were required to complete behaviour rating questionnaire on numerous children.  It is 

possible that these demands meant that some of the questionnaires were not completed 

with due care and consideration.  Lastly, the lead levels in many classes were relatively 
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homogeneous.  The average PbB level of children in the classroom would be much 

higher in the high soil lead zones than in the low lead zones.  Given a teacher's frame of 

reference for what is normal variation in behaviour is probably based largely on their 

classroom experiences behaviour perceived excessive in one classroom may be 

considered acceptable in another.  Any one, or any combination of these factors could 

account for the differences between teacher and parent behaviour of the children in this 

sample. 

 

A review of the well-designed cross-sectional and prospective studies in the 

literature reveals a modest but significant association between lead exposure and 

children's behaviour.  The findings seem relatively consistent across design (cross 

sectional vs. prospective), study, age, questionnaire and across 5 continents.  They are 

also consistent with the findings of this study.  The exact nature of the behaviour changes 

associated with increased blood lead levels seem hard to determine, but associations with 

inattention and hyperactivity are reported across most studies. 

 

6.7.2 Implications 

The results of Studies One and Two suggested that the impairments in auditory 

processing observed in these studies may be associated with deficits in attentional 

processes such as increased impulsivity and distractability.  The results of this study 

indicate parent and teacher behaviour ratings of hyperactivity/impulsivity and inattention 

made by parents and teachers, were associated with higher lifetime PbB in this sample.  
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As such, the results of this study support the hypotheses generated in Studies One and 

Two. 

 

A significant correlation between auditory processing task performance and 

behaviour ratings would provide further support for the hypothesis that inattention and 

hyperactivity/impulsivity are the important factors being influenced by lifetime PbB in 

both the first two studies of this project.  Although significant associations would be 

anticipated, since the factors are being measured in very different domains correlations of 

.40 and above would be beyond expectations. 

 

The behavioural domains in which the child's behaviour is assessed by the three 

different measures are in fact, very different.  In the parent rating, the child's behaviour is 

being measured across a variety of domains: playing with siblings, at mealtimes, 

responding to parental demands, in the car; a vast variety of situations and contexts.  The 

teachers rate the child's behaviour across a more limited range of behavioural domains, 

primarily in the classroom and, to a lesser extent, in the school-grounds.  In the auditory 

processing tasks, the responding behaviour is measured in a narrowly defined context, a 

one-to-one situation listening to auditory stimuli in a quiet testing room, free from 

external distractions.  Nonetheless, it is hypothesised that children's performance in the 

auditory processing task will be correlated with teacher and parent ratings of attentional 

behaviour.  The aim of the next chapter is to consider this further by examining the 

associations between parent and teacher ratings of the children�s of behaviour with 

performance on the auditory processing tasks. 
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CHAPTER SEVEN.  STUDY FOUR: 

BEHAVIOUR AND AUDITORY PROCESSING 
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7.1 Introduction 

7.1.1 Review 

Studies One and Two found a significant relationship between auditory 

processing efficiency and lifetime PbB.  The pattern of results suggested distractability 

and impulsivity may be important underlying factors accounting for the particular pattern 

of results found.  Study Three found a relationship between parent and teacher 

behavioural ratings of study children and the lifetime PbB of those children.  This study 

aims to link together the findings of the previous three studies.  The relationship between 

parent and teacher ratings of children�s behaviour and the auditory processing 

performance of those children will be examined.  The purpose of this study is to provide 

additional support for the hypothesis that inattention and impulsivity are the mechanisms 

responsible for the observed deficits in auditory processing observed in Studies One and 

Two. 

 

If levels of distractability and impulsivity are partly responsible for the lead-

related deficits observed in auditory processing ability, then this relationship should be 

evident in the association between parent and teacher ratings of distractability and 

impulsivity, and the child's auditory processing scores.  Specifically, if distractability is, 

in part responsible for impaired complex auditory processing, then it should be associated 

with a decreased percentage of correct responses.  Thus a significant negative association 

is expected between the Immature/Inattention and the Hyperactive/Impulsive subscale 

scores and percentage of correct responses.  Similarly, behavioural ratings of impulsivity 
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and inattention should be associated with an increased percentage of false responses.  

Thus a positive association would be expected between the behavioural measures the 

Immature/Inattention and Hyperactive/Impulsive scales of the Conner�s and the 

percentage of false responses.  These associations would be expected across both the 

monaural and dichotic auditory processing conditions.  However the associations should 

be stronger where the potential and opportunity for distraction is highest, that is, in the 

dichotic condition.  

 

The speed of auditory processing (reaction time) was relatively insensitive to the 

effects of lead in this sample.  Further, it is not expected that teachers or parents would be 

sensitive observers of this variable.  Thus no relationships are expected between speed of 

auditory processing and parent or teacher ratings of inattentiveness or impulsivity. 

 

Method 

7.2 Participants 

The participants in this stage of the analysis were those who participated in 

Studies One, Two, and Three. 

 

7.3 Materials 

7.3.1 Lead Measures 

The lead measures are as described in Section 3.4.1.2. 
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7.3.2 Auditory Processing 

The simple auditory processing tasks are described in Chapter Four.  The complex 

auditory processing tasks are described in Chapter Five. 

 

7.3.3 Conner�s Rating Scales 

Two versions of the Conner�s Behavior Rating Scale were used in this study: The 

short forms of the Parent Rating Scale and the Teacher Rating Scale (Conner�s et al., 

1973).  Descriptions of these scales including their psychometric characteristics appear in 

Chapter 3. 

 

7.4 Procedure  

In this chapter the information gathered in Studies One, Two, and Three is 

synthesised and analysed.  Correlational analysis was conducted on the scores obtained 

on Immature/Inattentive and the Hyperactive/Impulsive subscales of the Conner�s 

Behaviour Rating Scales (Parent and Teacher) and overall performance on the simple and 

complex auditory processing tasks. 

Four indicators of auditory processing efficiency were selected.  The first two: 

Both Ear-Both Hand Monaural results and Both Ear-Both Hand Dichotic results 

summarise the child's overall performance across all ear-hand conditions.  These 

measures were chosen as they represent an overall summary of the child's performance 

on the auditory processing tasks across all the ear/hand conditions.  The second two 
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measures chosen were the Left Ear-Left Hand Dichotic results, and the Right Ear-Right 

Hand Dichotic results.  These were chosen as they represent extreme levels of difficulty 

in the processing tasks, and often were the conditions most sensitive to the effects of lead. 

 

The Immature/Inattentive and the Hyperactive/Impulsive subscales of the Conner 

Behavior Rating Scales were selected as they most directly measure the variables of 

interest.  Total scores  on the Conner�s Behavior Rating Scales were not included in 

analysis as they depend partly on the Immature/Inattentive and Hyperactive/Impulsive 

subscale scores and thus could artificially inflate the number of significant relationships. 
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7.5 Results 
First, correlational analysis will be conducted for the Parent Ratings with 

percentage of correct responses and percentage of false responses.  Second, the same 

analysis will be conducted with Teacher Ratings.  Finally, the same procedure will be 

conducted with speed of correct responses and speed of false responses (reaction time). 

With analysis conducted on 4 auditory processing variables that are theoretically closely 

related, the significance level for all analyses in this chapter was set at p < .015 to control 

for Type I error. 

 

7.5.1 Parents� Rating of Behaviour and Auditory Processing 

Table 7.1 

Correlation Matrix Between Parent Rating Scores and Percentage of Correct Responses  

 Conner�s Scales 

Auditory 

Processing 

Immature 

Inattentive 

Hyperactive 

Impulsive 

Condition r r 

 (p) (p) 

-.200 -.206 Monaural 

Target (.000)* (.000)* 

 
-.132 -.225 Dichotic 

Target (.000)* (.000)* 

 
-.104 -.162 Left Ear-Left 

Hand -Dichotic (.024) (.000)* 

 
-.152 -.221 Right Ear Right 

Hand - Dichotic (.003)* (.000)* 
* sig at p < .015 
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Percentage of correct responses  

Correlational analysis of the percentage of correct responses and the subscales of 

the Conner�s Parent Rating Scale revealed consistent negative correlation coefficients in 

the direction predicted.  Inspection of Table 7.1 reveals the percentage of correct 

responses were inversely related to higher behaviour scale scores on both the 

Immature/Inattentive, Hyperactive/ Impulsive scores.   

 

Table 7.2 

Correlations Between Conner�s Rating Scores and Percentage of False Responses  

 Conner�s Parent Rating Scale 

Auditory  

Processing 

Immature 

Inattentive 

Hyperactive 

Impulsive 

r r 

 (p) (p) 

.109 .103 Monaural 

False 

Responses 

(.024) (.031) 

.166 .152 Dichotic 

False 

Responses 

(.002)* (.003)* 

.134 .134 Left Ear-Left 

Hand -Dichotic (.005)* (.005)* 

.324 .309 Right Ear-Right 

Hand - Dichotic (.000)* 

Condition 

(.000)* 
* sig at p < .015 
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Percentage of false responses  

Inspection of Table 7.2 reveals moderate positive associations between 

Immature/Inattentive, Hyperactive/ Impulsive scores and the percentage of false 

responses.  These associations were however, not significant in the monaural auditory 

processing (least difficult) condition.  The associations were markedly higher for the 

Right Ear-Right Hand dichotic condition.  

 

7.5.2 Teacher�s Rating of Behaviour and Auditory Processing 

Percentage of correct responses  

The correlations between teachers' reports of behaviour using the Conner�s 

Teacher Rating Scale and performance on the auditory processing tasks were calculated.  

The Immature/Inattentive, Hyperactive/ Impulsive subscale scores of the Conner�s 

Teachers Rating Scale were included in the correlation matrix.  The auditory processing 

measures were: overall monaural, overall dichotic, Left Hand-Left Ear, and Right Hand-

Right Ear conditions. 

 

Table 7.3 reveals a direct inverse relationship between teachers' behaviour ratings 

and the percentage of correct responses.  The table indicates higher behaviour rating 

scores were associated with poorer performance on the percentage of correct responses 

across all listening conditions.  The associations were significant for Both Ear-Both Hand 

condition and the Right Ear-Right Hand condition and for both behaviour scales.  For 

both scales the associations between teachers� behavioural ratings and the monaural 
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(easiest) and the Left Ear-Left Hand (most difficult) auditory processing conditions were 

not significant. 

 

Table 7.3 

Correlation Matrix Between Percentage of Correct Responses and Conner�s Teacher 

Rating Scores 

 Conner�s Teacher Scales

Processing 

Immature 

Inattentive 

Hyperactive 

Impulsive 

Condition r r 

 (p) (p) 

-.101 -.062 Monaural 

Target (.032) (.136) 

-.260* -.216* Dichotic 

Target 

Left Ear- 

(.000) 

(.000) (.000) 

-.130 -.080 

Left Hand Dichotic (.015) (.052) 

-.229* -.214* Right Ear- 

Right Hand Dichotic (.000) 

Auditory 

* sig at p < .015 

Percentage of false responses 

The associations between teacher ratings and percentage of false responses were 

calculated.  Inspection of Table 7.4 reveals a positive association between all the auditory 

processing performance and the Immature/Inattentive, Hyperactive/ Impulsive Scale 

scores.  Overall, the table reveals higher correlation coefficients between the behaviour 

subscales and the Right Ear-Right Hand condition. 
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Table 7.4 

Correlation Matrix Between Percentage of  False Responses and Conner�s Teachers 

Rating Scores 

 Conner�s Teacher Scales

 

Auditory 

Immature 

Inattentive 

Hyperactive 

Impulsive 

Processing r r 

Condition (p) (p) 

.134 .156 Monaural 

Errors (.005)* (.002)* 

.148 .141 Dichotic 

Errors (.009)* (.011)* 

.210 .247 Left Ear-Left Hand-

Dichotic (.000)* (.000)* 

.281 .273 Right Ear-Right 

Hand - Dichotic (.000)* (.000)* 
sig at p < .015 

 

7.5.3 Parents� Rating of Behaviour and Auditory Processing Speed 

The associations between auditory reaction time and parent�s behaviour ratings 

(both speed of correct responses and speed of false responses) were weak.  Analysis 

across all the scales and conditions revealed no significant associations (from a possible 

16).  The correlation matrices between the Conner�s Parent Rating scales and auditory 

reaction (target and distractor detection) times appear in Appendices 7.1 and 7.2. 
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7.5.4 Teacher�s Rating of Behaviour and Auditory Processing Speed 

The associations between reaction time (to both correct and false responses) and 

teacher ratings of behaviour were also weak.  The analysis revealed only 2 of these 

correlation coefficients (out of a possible 16) to be significant.  The significant 

correlations were between the and target detection in the Left Ear-Left Hand Condition 

(r=.169 p=.002), and between the Immature/Inattentive scale and false positive in the 

Right Ear-Right Hand auditory processing condition (r=.235, p=.001).  The correlation 

matrices for the Conner�s Teacher Rating Scales and auditory processing appear in 

Appendices 7.3 and 7.4. 
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7.6 Results Summary 

7.6.1 Behaviour Ratings and Auditory Processing 

Percentage Correct Responses 

1. Parent behaviour ratings of inattention and hyperactivity and percentage of 

correct responses across all conditions were significantly inversely associated. 

 
2. Teacher behaviour ratings of inattention and hyperactivity and percentage of 

correct responses were significantly negatively associated on the total Dichotic 

and the Right Ear-Right Hand conditions but not the Monaural (easiest) or the 

Left Ear-Left Hand (most difficult) condition. 

 

Percentage False Responses 

3. Parent behaviour ratings and percentage of false responses were significantly 

positively associated across both behaviour rating scales all conditions. 

 

4. Teacher behaviour ratings and percentage of false responses were significantly 

positively associated across all conditions and both behaviour rating scales. 

 

Auditory Processing Speed 

5. Only two significant associations were found between behaviour ratings and 

speed of correct responses or speed of false responses (reaction time).  The 

significant associations that were found were relatively weak and the 

coefficients showed no consistent direction. 
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7.7 Discussion 

7.7.1 Review 

Studies One and Two found significant relationships between lifetime PbB and 

auditory processing efficiency (percentage of correct responses and percentage of false 

responses respectively).  The pattern of results raised the possibility that this impaired 

performance might be related to a particular deficit in attentional processes, such as 

distractability and impulsivity. 

 

In Study Three, children�s' lifetime PbB and behaviour ratings of the children 

made by parents and teachers were found to be significantly positively associated.  The 

significant relationship found between lifetime PbB and the Impulsive/Hyperactive and 

Inattention/Immature scales of the Conner�s further supported the hypothesised 

relationship between lead and attentional deficits in this cohort. 

 

A few studies (Davis, Otto, Weil, & Grant, 1990; Dietrich et al., 1992; Otto & 

Fox, 1993) have reported a relationship between auditory processing and the effects of 

lead in children (cf. Section 2.7).  A number of studies have reported the behavioural 

effects of exposure to environmental lead (cf. section 2.5).  However, no published lead 

study has previously reported a relationship between auditory processing and behaviour. 
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7.7.2 Behaviour and Auditory Processing 

This study brought together information generated from three different sources: 

parent ratings, and teacher ratings, and experimental data on children�s auditory 

processing performance.  It found a significant relationship between teacher and parent 

ratings of behaviour and the performance on auditory processing tasks in this lead-

exposed population.  In particular, it found evidence that parent and teacher behavioural 

ratings of distractability and hyperactivity were strongly associated with children�s 

performance on the auditory processing tasks. 

 

Attention deficits have been noted in several experimental studies (Rice, 1984; 

Rice, 1985; Rice, 1988; Rice & Gilbert, 1990a; Rice & Gilbert, 1990b; Winneke et al., 

1977; Winneke et al., 1980; Winneke et al., 1982).  A review by Davis et al. (1990) noted 

that difficulties in concept formation on the Bayley Scales of Mental Development, may 

in fact only represent a deficit in the ability of subjects to pay attention to the task or the 

examiner.  However, once again there has been no reported attempt to link these two 

processes within one research project.  Study Four has linked behaviour ratings of 

attention and distraction with performance on auditory processing tasks in a lead exposed 

sample. 

 

It is significant to note that whilst significant relationship was reported between 

parent and ratings of behaviour and auditory processing efficiency, there was little 

evidence of a relationship between ratings of behaviour and speed of processing.  

However, whilst one would expect teachers and parents to be sensitive to variations in 
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inattentiveness and impulsivity, this would not be expected for speed of information 

processing, particularly when a standard deviation in these responses is in the magnitude 

of one tenth of a second (.109 seconds in this sample).  However the observed 

relationship between teachers and parents ratings of behaviour and auditory processing 

scores is to be expected as the child's ability to maintain attention and to inhibit 

inappropriate responding would be observed by teachers and parents.  This finding is 

important because it supports a link between auditory processing in monaural and 

dichotic listening tasks and attentional behaviour for children in this study.  Support for 

this link has also been reported by Prior et al. (1985) and Pine et al. (1997). 

 

One other aspect of these findings is worthy of note.  Although all of the 

correlation coefficients were in the direction predicted and approached the level of 

significance, the non-significant findings revealed an interesting pattern.  The non-

significant findings always occurred in the easiest auditory processing condition 

(monaural) or the most difficult (Left Ear-Left Hand) condition.  This parallels some 

previous lead research revealing a similar pattern (Bhattacharya et al., 1995; Carson et 

al., 1974; Dietrich et al., 1992; Gilbert & Rice, 1987; Levin et al., 1983; Levin et al., 

1986; Winneke et al., 1982;Winneke et al., 1989) and again highlights the importance of 

selecting tests capable of taxing abilities at an optimal level. 

 

7.7.3 Implications 

This study found a strong, consistent relationship between parent and teacher 

behaviour ratings and children's performance on auditory processing tasks.  In particular, 
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it found strong evidence that parents and teachers behaviour ratings of children's 

distractability and hyperactivity are significantly associated with the child's performance 

on the auditory processing tasks in this lead-exposed sample.  It makes explicit a 

relationship that has previously suggested (Laughlin, 1995) but not before reported.  

Many previous studies have found a relationship between behaviour and lifetime PbB.  A 

few studies have reported a relationship between auditory processing and lifetime PbB.  

No other published study has systematically linked these two variables together in a lead 

exposed sample.   

 

Numerous studies have found a negative relationship between lifetime PbB and 

general cognitive abilities.  A small number of reviews and studies (Bellinger, 1995; 

Davis et al., 1990; Feldman & White, 1992; Laughlin, 1995) have also postulated that 

this reported deficit in general cognitive abilities may be due to attentional processes.  If 

this is the case then a significant proportion of the deficit in global cognitive functioning 

associated with lead exposure should be accounted for by measures of attentional 

processes.  If it was found that a substantial proportion of the variance between lifetime 

PbB and global cognitive performance (after controlling for confounders) could be 

accounted for by these measures, this would provide some evidence to implicate 

attentional processes as a contributing factor explaining the widely documented 

association between lifetime PbB and cognitive performance.  This question will be the 

focus of the next study. 
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CHAPTER EIGHT.  STUDY FIVE: 

THE EFFECT OF LEAD ON IQ, ATTENTION AND 

AUDITORY PROCESSING. 
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8.1 Introduction 

This chapter examines the ability of lifetime PbB to predict IQ scores at age 7.  

Some sections of this chapter (8.5.2 to 8.5.4) have used data from a paper previously 

published which I was co-author.  This paper reported the relationship between lifetime 

PbB and children�s intelligence at age 7 years.  Only the descriptive data on children�s IQ 

scores is the same.  The relationship between lifetime PbB and IQ will be examined using 

the findings and data from Chapters 4 to 7 of this study. 

 

8.1.1 Review 

The ability to process and assimilate new information effectively is central to the 

process of learning.  The ability to identify and attend to meaningful information, whilst 

simultaneously being able to identify, and yet not be distracted, by non-useful stimuli is 

an important component of this process.  The evidence from Studies One, Two, and 

Three suggested levels of inattention and impulsivity increased in children with higher 

lifetime PbB.  In this study it is hypothesised that these deficits in attention might have 

consequent effects on IQ scores.  Specifically, it is predicted that after control for other 

covariates, impulsivity and inattention would account for a significant proportion of the 

lead-related variance in IQ scores. 

 

It has been previously suggested that lead related attentional deficits may account 

for the observed lead-induced impairments of IQ scores (Bellinger et al., 1994; Stiles & 

Dietrich, 1994; Wasserman et al., 1999).  This study will attempt to test this relationship 
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in a lead-exposed sample.  If the behavioural scores do account for a significant 

proportion of the lead related variance in IQ scores this will provide evidence implicating 

attentional processes as contributing to the deleterious effects of lead on the development 

of children�s cognitive abilities.  

 

Method 

8.2 Subjects 

The participants in this stage of the analysis were those who participated in 

Studies One, Two, and Three. 

8.3 Materials 

8.3.1 Lead Measures 
The lead measures were the same as described in Section 3.1.4.2. 

 

8.3.2 Auditory Processing 

The simple auditory processing tasks are described in full in Study One.  The 

complex auditory processing tasks are described in Study Two. 

 

8.3.3 Conner�s Rating Scales 

Two short versions of the Conner�s Behavior Rating Scale adapted for use in 

Australia were used in this study: The Parent Rating Scale and the Teacher Rating Scale 

(Conner�s et al., 1973; Glow, 1985, 1987).  The psychometric characteristics of the scale 

are described in Chapter 3. 
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8.3.4 Wechsler Scales of Intelligence for Children � Revised 

The IQ of each child was measured under uniform conditions using the Wechsler 

Intelligence Scale for Children �Revised (WISC-R).  The WISC-R comprises 10 

sequentially administered subscales.  Five subscales are used to measure Verbal IQ, and 

the remaining 5 subscales are used to estimate Performance IQ.  A full description of this 

test, including its psychometric characteristics appears in Chapter Three.   

 

8.4 Procedure  

Statistical analyses were performed on the natural logarithm of the blood lead 

concentration, and all reported mean values are geometric.  For each child, a curve of the 

blood lead concentration versus age was constructed.  An average lifetime exposure up to 

a particular age was estimated by dividing the appropriate area under the curve by the 

specified age (Baghurst et al., 1992).  Unless otherwise specified, all reported results 

pertain to these integrated average blood lead concentrations. 
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8.5 Results 

The effects of predictor variables were investigated by multiple regression 

analysis with (log) blood lead concentration as a continuous explanatory variable.  The 

covariates used in the final models included birthweight, maternal education, paternal 

education, parental smoking, SES, maternal IQ, and marital status, and quality of home 

environment.  (A full description of the measurement of each of these variables is 

provided in Chapter 3.) 

 

Various models have been used to control for potential confounders.  The model 

proposed by Miettinen and Cook (1981) has been widely used in lead research.  In this 

model, variables related to the predictor at the p < 0.1 level are included in the analysis.  

The association between all possible confounders are calculated separately for each 

predictor variable and then included or excluded from subsequent analysis as appropriate.  

However, this form of analysis has been criticised by Ernhart (1998) for its tendency to 

generate a different set of confounders for each outcome variable, making the 

interpretation and comparison of results unwieldy and difficult.  The current study 

entered the same set of confounders for each outcome variable based on data from 

previous studies on its relationship to the explanatory and predictor variables (Needleman 

et al., 1996), and on their relationship to the explanatory and predictor variables in this 

study. 
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8.5.1 Descriptive Data: Children�s IQ at age 7 years   

The median age of the children of the day of their IQ testing was 186 days after 

their seventh birthday (the 25th and 75th percentiles being 132 and 246 days respectively).  

The mean scores for Verbal IQ, Performance IQ and Full Scale IQ were 103.1 (95% 

confidence interval 101.8 to 104.4), 105.9 (95% confidence interval 104.6 to 107.1) and 

104.7 (95% confidence interval 103.5 to 106.0) respectively.  The mean scores, standard 

deviations, 95% confidence intervals, and N for all subscales appear in Table 8.1. 

 

Table 8.1 

Mean, Standard Deviation, and Confidence Intervals for 7 years WISC-R Scores 

 WISC-R Scores 
WISC-R 

Scale 
M SD N 95% 

Confidence 
Interval 

Information 11.32 3.12 519 11.05-11.59 

Similarities 10.03 3.26 519 9.75-10.31 

Arithmetic 9.15 3.22 519 8.87-9.42 

Vocabulary 12.35 2.75 519 12.11-12.59 

Comprehension 9.61 2.82 9.37-9.86 

Picture Arr. 

519 

519 

10.34 519 

519 

519 

519 

Picture Comp. 11.00 2.38 519 10.80-11.21 

10.44 3.23 519 10.16-10.72 

Block Design 11.14 3.20 10.87-11.42 

Object Ass 11.27 2.58 11.05-11.49 

Coding 2.92 10.08-10.59 

Verbal IQ 102.65 14.29 519 101.41-103.88 

Performance IQ 105.66 14.18 104.44-106.88 

Full Scale IQ 104.37 14.09 103.16-105.59 
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8.5.2 Lifetime PbB and IQ: Simple Associations   

Analyses revealed a consistent inverse relationship between the blood lead 

concentrations and all IQ scales (see Figure 8.1).  The mean values in IQ differed by 

between 6.7% to 10.2% across the highest and lowest quartiles of blood lead 

concentration.  Separate one way ANOVA's with 4 levels of lead exposure conducted on 

each of the IQ scales (Full Scale, Verbal Scale and Performance Scale) revealed the 

differences between quartiles were all statistically significant (p <.01). 
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Verbal IQ Perf. IQ Full IQ

IQ
Score

Q2 Q3 Q4Q1

 

Blood lead quartiles: Q1 = 0-13.15 ug/dl, Q2 = 13.16-17.48 ug/dl, Q3 = 17.49-21.44 ug/dl, Q4 = 21.45-45 ug/dl. 

Figure 8.1.  Summary of means for WISC-R IQ scores by blood lead quartile. 

 

 264



8.5.3 Lifetime PbB and IQ - Simple Regression Analysis 

In simple regression analyses lifetime PbB was significantly inversely related to 

Verbal IQ, Performance IQ and Full-Scale IQ, accounting for 7.2%, 6.1%, and 6.4% of 

the variance respectively.  The inverse relationship of lifetime PbB with Verbal IQ was 

consistently stronger than with Performance IQ. 

 

8.5.4 Lifetime PbB and IQ when Other Factors are Considered 

The unadjusted mean IQ for covariates that may confound the relationship 

between lead exposure and IQ are shown in Table 8.2.  Many sociodemographic and 

neonatal characteristics were strongly related to children�s IQ in the anticipated direction.  

These confounders are presented in Table 8.2. 

 

Table 8.2 

Mean IQ Scores at Age 7 Years by Potential Confounding Variables. 

  IQ Scores 

Covariate Lifetime PbB Verbal IQ Perf. IQ Full IQ 

Maternal education    

≤ 3 yr 0.88 100 103.4 101.7 

> 3 yr 0.75 106.7 108.8 108.4 

Paternal education    

≤ 3 yr 0.83 101.2 104.8 103.0 

> 3 yr 0.78 106.6 108.6 108.3 

�table continues
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table continues

Parental smoking    

None 0.77 105.5 107.6 107.1 

One 0.84 101.3 104.1 102.7 

0.80 

Maternal IQ  

97.8 

 

105.3 

Both 0.93 99.7 104.3 102.0 

Socioeconomic status    

lower 1.00 98.0 102.4 99.9 

middle 102.9 104.2 103.8 

higher 0.73 106.6 109.1 108.5 

HOME scores    

< 40 0.95 96.5 100.3 98.0 

40-45 0.84 105.7 108.5 107.6 

> 45 0.68 107.5 108.9 108.9 

  

< 85 1.00 97.1 99.6 

85-95 0.82 101.0 106.1 103.6 

> 95 0.75 110.6 111.5 112.1 

Birthweight   

< 2500 0.93 99.2 102.1 100.5 

2500-3500 0.85 102.4 104.7 103.7 

> 3500 0.78 104.6 107.9 106.7 

Parents living together    

Yes 0.80 103.5 106.4 

No 0.98 100.8 102.4 101.5 

 

The covariates most strongly associated with children�s IQ at age 7 were SES, 

HOME score and maternal IQ.  In multiple regression analysis, the effect of adjusting for 

all of the covariates in Table 8.3 was to markedly attenuate the apparent association 

between lifetime PbB and children�s IQ at age 7 years.  However, after control for 
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potential covariates, lifetime PbB still accounted for a significant proportion of the 

variance in IQ scores.  The total variance in children�s IQ at age 7 accounted for by all 

the covariates in the model was 24.2%.  After control for covariates PbB accounted for 

4.2, 3.7 and 3.2% of the variance in the Full Scale, Verbal and Performance IQ scores 

respectively. 

 

8.5.5 Lifetime PbB and IQ at Age 7 Years: Transitional Summary 

Sections 8.5.2 to 8.5.4 of this chapter have been previously described in a report 

co-authored by the current author and published in the New England Journal of Medicine 

(Baghurst et al., 1992).  It shows a significant association between lifetime PbB and IQ at 

age 7.  This finding has been replicated in most major prospective studies of the effects of 

lead on children�s intelligence .  Bellinger and Dietrich (1994) in their review of studies 

on the association between IQ and lead level stated: �The weight of evidence seems to 

support a rather modest association between increased lead burden, either lifetime or 

concurrent, and lower full-scale IQ at school age� (p. 313).   

 

Whilst it is now generally accepted that early exposure to environmental lead has 

deleterious effects on children�s global cognitive functioning, the question as to the 

precise mechanisms responsible for this observed deficit remains.  The next part of this 

chapter will attempt to account for the variance in IQ associated with lifetime PbB, by 

examining the role of attentional processes on global cognitive abilities. 
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8.5.6 Lifetime PbB and IQ at Age 7 Years: The Effect of Attentional Processes. 

8.5.6.1 Statistical Analysis 

Data from Study One (simple auditory processing), Study Two (complex auditory 

processing) and Study Three (parent and teacher behaviour ratings) was used to attempt 

to account for unexplained variance between lifetime PbB and children�s IQ at 7 years.  

A five-step logical hierarchical regression analysis was used.  At step 1, the potential 

confounders (see Table 8.3) were entered.  At step 2, the parent and teacher behaviour 

ratings were entered.  At step 3, auditory processing efficiency measures was entered, and 

at step 4, auditory processing speed measures were entered.  Lifetime PbB was entered at 

the last step of this analysis. 

 

It has been previously demonstrated in this chapter, that after control for covariates, 

PbB accounts for a significant proportion of the variance in IQ scores of this sample.  

Likewise, it was reported that after control for covariates, lead accounted for a significant 

proportion of children�s auditory processing performance (Chapters 4 and 5) and parent 

ratings of behaviour (Chapter 6).  The next analyses will investigate the extent to which 

attentional measures can account for lead related variance in IQ scores.  As such 

covariates were entered at the first step of the analysis, the next three steps entered 

measures of attentional behaviour.  At the final step of this hierarchical analysis, lifetime 

PbB was entered to examine its ability to account for significant variation of IQ scores 

after controlling for covariates and measures of attentional behaviour.  This would 

indicate the ability of attentional processing measures to account for the lead related 

variance in IQ scores. 
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8.5.6.2 Lifetime PbB and IQ at Age 7 When Covariates, Behaviour and Auditory 

Processing are Considered 

A 5 step logical hierarchical regression analysis was conducted with covariates, 

behaviour and auditory processing measures entered at steps 1-4 and lifetime PbB entered 

at the last step.  The variables entered at each step of the statistical protocol are presented 

in Table 8.3. 

 
Table 8.3 

Hierarchical Regression Analysis Model Summary 
Step Variables Entered 

Step 1  

Potential Covariates 

Maternal Education 

Paternal Education 

Parental Smoking 

Socioeconomic Status 

Combined HOME scores 

Maternal IQ 

Birthweight 

Marital Status 

Step 2  

Behaviour Ratings 

Teacher Rating Scale 

Hyperactive/Impulsive 

Inattentive/Immature 

Parent Rating Scale 

Hyperactive/Impulsive 

Inattentive/Immature 

Step 3  

Auditory Processing 

Efficiency 

Monaural Correct Responses 

Monaural False Responses 

Dichotic Correct Responses 

Dichotic False Responses 

Step 4 

Auditory Processing 

Speed 

Monaural Correct Responses 

Monaural False Responses 

Dichotic Correct Responses 

Dichotic False Responses 

Step 5 Lifetime PbB  
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This regression analysis was carried out for Verbal IQ, Performance IQ and Full-

Scale IQ.  The model accounted for 33, 25 and 35% of the total variance in IQ scores 

respectively.  The model summary for each of the IQ scales appears in Table 8.4.  

 

The coefficients and significance values for each of the models are remarkably 

similar.  For Full-Scale IQ and Verbal IQ scores the social and physical covariates, 

behaviour rating scores and auditory processing scores each accounted for a significant 

amount of the variance (see Table 8.3).   After control for confounders and behaviour 

ratings, auditory processing efficiency still accounted for significant additional variance 

in Verbal and Full Scale IQ scores, but not Performance Scale IQ scores.  Speed of 

auditory processing did not account for any additional variance in any of the IQ scores.  

Most significantly after the covariates, behaviour ratings and auditory processing are 

entered into the model, lifetime PbB no longer accounts for a significant proportion of the 

variance in Verbal, Performance or Full-Scale IQ scores. 

 

In step 1, the variables accounting for most of the variance in IQ scores are 

maternal IQ, socioeconomic status, and HOME scores.  In step 2 teacher ratings in the 

Conduct Problems and Inattentive/Immature scales account for most of the variance.  In 

step 3 false responses in simple auditory processing, and correct responses in the complex 

auditory processing account for significant proportion of the total variance.   
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Table 8.4 

Hierarchical Regression Model Summaries for Verbal, Performance and Full-Scale IQ 

Scores 

Step R R2 SE R2∆ F∆ Sig 

Full-Scale IQ 

1 .460 .211 12.6 .211 19.58 .000 

2 .565 .319 11.8 .108 8.28 .000 

3 .584 .342 .002 

.408 

 

11.6 .022 4.22 

4 .589 .347 11.6 .005 .999 

5 .590 .348 11.6 .001 .975 .324 

Verbal Scale IQ  

1 .453 .205 12.8 .205 18.87 

3 

4 

5 

 

.000 

2 .541 .292 12.2 .087 6.85 .000 

.567 .321 12.0 .029 5.26 .000 

.568 .323 12.0 .002 .341 .851 

.570 .325 12.0 .002 .1.19 .276 

Performance Scale IQ  

1 .373 .139 13.2 .139 11.76 .000 

2 .488 .238 12.6 .099 7.25 .000 

3 .500 .250 12.5 .012 2.02 .090 

4 .507 .257 12.5 .007 1.18 .332 

5 .508 .258 12.5 .000 .237 .627 
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8.5.6.3 Lifetime PbB and behaviour at Age 7 After Controlling for the Mediating Effects 

of IQ scores 

To control for the possibility that IQ test performance may mediate the 

relationship between lifetime PbB and behaviour scores, a further series of 5-step logical 

hierarchical regression analyses were conducted.  In these analyses IQ scores were 

treated as a mediating variable and the Conner�s Behaviour Rating scores the dependent 

variable.  At step 1 the same covariates were entered as in the previous analysis (see 

Table 8.3 and Table 8.5).  However, at step 2, IQ scores were entered.  Auditory 

processing measures were entered at steps 3 and 4, and lifetime PbB was entered at the 

last step.  The variables entered at each step of the statistical protocol are presented in 

Table 8.5. 

 

After controlling for the possible mediating effect of IQ scores on behaviour 

scores, lifetime PbB continued to be a significant (p< .001) predictor of Conner�s Parent 

Rating scores (Hyperactive-Impulsive, Immature-Inattentive and Total Score) for each of 

the IQ score analyses (Verbal IQ, Performance IQ and Full Scales IQ scores).  The model 

summaries for each of the IQ scores are presented in Tables 8.6 - 8.8.  This model 

represents a conservative strategy as in each analysis considerable variance in behaviour 

was excluded (eg Teacher Rating Scores) and the total amount of variance accounted for 

in the model reduced.   

 

Inspection of Table 8.6 reveals that after control for covariates lifetime PbB level 

still accounts for significant (p < .001) level of variance in Verbal IQ scores.  This is 
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Table 8.5 

 Hierarchical Regression Analysis Model Summaries 

Step Variables Entered 

Step 1 

Maternal Education 

Paternal Education 

Parental Smoking 

Socioeconomic Status 

Maternal IQ 

Birthweight 

Marital Status 

Step 2 IQ Scores 

Verbal IQ* 

Performance IQ* 

Full Scale IQ* 

Step 3 Auditory Processing Efficiency 

Monaural Correct Responses 

Monaural False Responses 

Dichotic Correct Responses 

Dichotic False Responses 

Step 4 Auditory Processing Speed 

Monaural Correct Responses 

Monaural False Responses 

Dichotic Correct Responses 

Dichotic False Responses 

Step 5 Lifetime PbB  

Potential Covariates 

Combined HOME scores 

* NB.  As Full IQ is simply a mathematical derivative of the Verbal and Performance IQ scores, 
these variables were each entered in a separate analysis 

 
consistent with the findings reported in section 8.4.  At step 3, Auditory Processing 

Efficiency still accounted for significant variance for the Immature-Inattentive scales (p < 

.05) but not for the other scales.  As in previous analyses (see Table 8.4) Speed of 
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Processing (step 4) was relatively insensitive to lead related changes.  After control for 

the variables entered in steps 1 to 4, Parental Behaviour Rating scores remained 

significantly related to lifetime PbB level at the p < .001 level  

 

An almost identical pattern emerged when Performance IQ was entered at step 2 

(see Table 8.7).  The pattern for Full Scale IQ was also very similar (see Table 8.8). 

However, in these analyses the relationship between lifetime PbB level and Auditory 

Processing Efficiency approached, but did not reach significance (p = .059).  

Nevertheless, in each of the 9 hierarchical regression analyses the relationship between 

lifetime PbB level and behaviour scores remained significant (p < .001) after controlling 

for the possible mediating effects of IQ scores. 

 

Since the Conner's Teacher Rating scores met the Miettinen and Cook (1981) 

criteria for inclusion in the analysis (related to the predictor variable at the p < 0.1 level) 

they were included in the analysis presented in section 8.5.6.2.  However, the results 

presented in Chapter 6 (p. 238), showed that after controlling for potential confounders, 

the associations between teacher ratings were no longer significant.  Since these 

confounders are again included in the model prior to the entry of IQ, significant 

associations were not expected.  This was found to be the case.  The relationships 

between lifetime PbB and each of the Conner�s Teacher subscales (Hyperactive-

Impulsive, Immature-Inattentive and Total Score) were not significant after controlling 

for various covariates, including IQ.  A summary of each of these regression models 

appears in Appendices 8.1 - 8.3. 
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Table 8.6 

Hierarchical Regression Model Summaries for Hyperactive-Impulsive, Immature-

Inattentive and Total scores (Verbal IQ entered at step 2) 

 

Step R R2 SE R2∆ F∆ Sig 

Immature-Inattentive  

1 .220 .049 1.91 

.017 

Hyperactive-Impulsive 

.049 5.47 .000 

2 .262 .068 1.89 .020 16.04 .000 

3 .283 .080 1.89 .012 2.41 .047 

4 .287 .083 1.89 .002 .46 .761 

5 .315 .099 1.87 13.60 .000 

  

1 .279 .078 2.79 .078 9.07 .000 

2 .311 .097 2.76 .019 15.88 .000 

3 .323 .104 2.76 .008 1.57 

.329 .108 2.76 .004 .78 

.020 

.180 

4 .538 

5 .358 .128 2.73 17.04 .000 

 Total Score   

1 .261 .068 4.13 .068 7.86 .000 

2 .299 .090 

.006 

4.09 .021 17.73 .000 

3 .310 .096 4.08 1.28 .274 

4 .314 .099 4.09 .003 .56 .686 

5 .342 .117 4.05 .018 15.50 .000 

 

 275



 
Table 8.7 

Hierarchical Regression Model Summaries for Hyperactive-Impulsive, Immature-

Inattentive and Total scores (Performance IQ entered at step 2) 

 

Step R R2 SE R2∆ F∆ Sig 

Immature-Inattentive  

1 .220 .049 1.91 .049 5.47 .000 

2 .301 .090 1.87 .042 34.51 .000 

3 .322 .104 

.324 .105 1.87 .001 0.30 .873 

1.86 .013 2.76 .027 

4 

5 .348 .121 1.85 .016 13.48 .000 

 Hyperactive-Impulsive  

1 .279 .078 2.79 .078 9.07 .000 

2 .337 .114 2.74 .036 30.35 .000 

3 .350 .122 2.73 .009 1.82 .123 

4 .354 .125 

.020 

2.73 .003 0.68 .601 

5 .381 .145 2.70 17.01 .000 

 Total Score   

1 .261 .068 4.13 .068 7.86 .000 

2 .327 .107 4.05 .000 

.338 .114 4.04 .007 1.57 .179 

.018 .000 

.038 32.35 

3 

4 .342 .117 4.05 .003 0.54 .702 

5 .367 .135 4.01 15.51 

 

 276



 
Table 8.8 

Hierarchical Regression Model Summaries for Hyperactive-Impulsive, Immature-

Inattentive and Total scores (Full-Scale IQ entered at step 2) 

 

Step R R2 SE R2∆ F∆ Sig 

Immature-Inattentive  

1 .220 .049 1.91 .049 5.47 .000 

2 .087 .000 

.002 

5 .340 .016 

 

.295 1.87 .039 31.89 

3 .314 .098 1.87 .011 2.28 .059 

4 .316 .100 1.87 .32 .861 

.115 1.86 13.00 .000 

Hyperactive-Impulsive  

1 .279 .078 2.79 .078 9.07 .000 

29.48 

2.73 .007 1.46 .210 

4 .350 .123 2.74 .003 .67 .611 

5 .377 

Total Score  

2 .336 .113 2.74 .035 .000 

3 .346 .120 

.142 2.71 .019 16.45 .000 

  

1 .261 .068 4.13 .068 

.335 .112 4.04 .006 1.22 .297 

.002 .51 

7.86 .000 

2 .326 .107 4.05 .038 32.22 .000 

3 

4 .339 .115 4.05 .726 

5 .364 .132 4.01 .017 14.93 .000 
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8.6 Results Summary 

1. Lifetime PbB accounted for 6.5% (unadjusted) and 4.2% (adjusted) of the 

variance in Full-Scale IQ scores.  

2. When parent and teacher behaviour ratings and auditory processing efficiency 

data were included into the regression model, lifetime PbB no longer accounted 

for a significant proportion of the variance in Verbal IQ, Performance IQ, or 

Full-Scale IQ scores. 

 

3. After controlling for the possible mediating effects of IQ (Verbal IQ, 

Performance IQ, Full-Scale IQ) lifetime PbB still accounted for a significant 

amount of the variance in the Immature/Inattentive, Impulsive/Hyperactive and 

Total Scores of the Conner�s Parent Rating Behaviour Scale. 

8.7 Conclusion 

 

 

8.7.1 Review 

This study has demonstrated that the significant associations between lifetime 

PbB and IQ scores were attenuated by including behaviour and auditory processing 

scores of the study children in the analysis.  It also demonstrated that the significant 

associations between lifetime PbB and parental behaviour ratings could not be accounted 

for by including IQ scores as a mediating variable in the analyses. 
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Studies One and Two found a significant relationship between lifetime PbB and 

auditory processing efficiency.  The pattern of results suggested lifetime PbB might be 

related to deficits in attentional processes such as inattention and distractability.  Study 

Three found that lifetime PbB was related to parent and teacher ratings of inattention and 

hyperactivity/distractability.  Study Four found that measures of attention in auditory 

processing and ratings of inattention from teacher and parent reports were highly 

intercorrelated.  As a result of the combined results of these studies it was hypothesised 

that the reported association between lifetime PbB and global cognitive abilities so 

frequently reported in the literature may in fact, be at least partly due to deficits in 

attentional processes.  Study Five tests this hypothesis.   

 

The results of Study Five revealed that after auditory processing performance and 

behaviour ratings of attentional processes are entered in the analytical model, lifetime 

PbB no longer accounted for significant variance in IQ scores.  It has already been 

demonstrated in separate analyses, that after control for covariates, that lead has a 

significant effect on both IQ and measures of attentional behaviour.  It is proposed that 

the main reason that PbB did not significantly add to the prediction of IQ scores when 

entered (last) in this analysis is that lead-effects on IQ scores had already, to a large 

extent, been accounted for by lead-induced variations in attentional behaviour. 

 

Further analysis tested the alternate hypothesis, namely that changes in IQ level 

could account for lead-induced changes in behaviour.  The rationale behind this 

hypothesis is that lead-induced changes to IQ would lead in concomitant changes in 
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behaviour.  The analysis revealed that this was not the case in the sample.  Whilst 

behaviour rating scores reduced the amount of lead-induced variance in IQ scores to the 

level of insignificance, the reverse was not the case.  After controlling for IQ scores, 

lifetime lead exposure remained significantly associated with parental behaviour ratings.  

This markedly strengthens the hypothesis presented here that lead-induced changes to IQ 

can, in part, be explained by lead-related changes to behaviour. 

 

8.7.3 Implications 

This study has demonstrated for the first time that the putative effects of lead on 

IQ can be accounted for by considering the role of attentional processes.  This is an 

important marker for future investigations into understanding the neurological 

mechanisms responsible for this deficit.  This finding highlights the importance of 

considering the effects of lead on attentional processes in future studies of the effects of 

lead on global or specific cognitive abilities. 

 

The question remains: Is this effect of behaviour and attentional processes on IQ, 

direct, indirect, or otherwise mediated?  The evidence presented in this chapter suggests 

that it is not mediated by IQ scores.  It may be that lead-affected attention has a direct 

effect on early learning, and academic achievement which is subsequently reflected in 

tests of global cognitive development.  Alternatively, it may be that attentional processes 

have a direct effect on children�s performance on tests of global cognitive functioning.  

These issues will be explored in more depth in the next chapter. 
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CHAPTER NINE.  DISCUSSION 
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9.1 Introduction 

This chapter provides an overview of the results of this project.  First, a brief 

overview of the major findings and characteristics of the project will be presented.  

Second, the major research questions will be reviewed in light of the current research 

literature and conclusions with respect to each of the research problems made.  Third, the 

various models of lead effects on behaviour and intelligence will be considered.  Fourth, 

the limitations of the study and suggestions for future research will be discussed.  Finally, 

the implications for theory, public policy and future research will be examined. 

 

9.1.1 Overview of the Present Study 

The negative relationship between lead and children�s cognitive skills, and the 

relationship between lead and behaviour are well documented.  However in subsequent 

statistical analyses they have been treated as if they exist in separate, unrelated spheres of 

a child�s life.  This study investigated the effects of lead on simple and complex auditory 

processing performance, parent and teacher ratings of attentional behaviour, and their 

relationship to lead-associated deficits in IQ. The overall aim of this project was to 

investigate the ability of auditory processing and attentional behaviour to account for the 

impairment in children�s cognitive abilities associated with increased body lead burden.   

Theoretically, a better understanding of the relationship between lead, behaviour 

and IQ would help provide direction to researchers investigating the mechanisms by 

which lead impairs cognitive function, and provide clues as to other domains of human 
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functioning likely to be affected by lead exposure.  If lead�s effect on attentional 

behaviour can account for the lead-induced global cognitive abilities then the focus of 

future research should also be on models and mechanisms of attention.  Further if 

attentional behaviour is affected then other domains of functioning related to attentional 

or impulsive behaviour are brought into focus as areas warranting future research. Finally 

it moves the possible focus of research to a more specific and circumscribed area than 

that previously investigated. 

 

• Use of prospective design for collection of all dependant variables and confounders 

• Multiple blood lead measures collected over time and combined to produce a single 

measure of lifetime PbB (Banks et al., 1997) 

• Measurement and control for a variety of social, anthropometric, demographic and 

developmental factors 

The strengths of this study include 

• High participation rate  (> 90% of all births in the area during the recruitment phase) 

• Similarity of those lost to follow-up to participants on a range of variables 

• Measurement of various types of outcome variables (behaviour ratings, computer-

based tasks, standardised intelligence tests) from a variety of sources (teachers, 

parents, computer, psychologist). 
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9.2 Review of Major Findings 

9.2.1 Lead and Auditory Processing Reaction Time 

The aim of the first study was to investigate the extent to which performance and 

attention in simple auditory processing tasks impaired by early childhood exposure to 

environmental lead.  The results revealed no significant relationship between auditory 

reaction time and the level of lead exposure across any of the ear/hand conditions studied.  

As noted in Chapter 4, the case for the deleterious effect of lead on reaction time is not 

strong. Whilst a number of studies reported a significant relationship, a similar number 

have reported no significant relationship between lead and simple reaction times.  To the 

extent that the results of Study One on auditory reaction times can be compared to these 

reaction time studies, they fall on the �no effect� side of the ledger. 

 

The variability of the reported findings on the association between body lead 

burden and reaction time could be explained by a variety of reasons.  These include: 

• the wide ranging types of stimuli presented (lights, numbers, shapes) and the mode of 

presentation (number of trials, duration of test session) 

• different methods of lead exposure measurement (hair, blood, teeth, single measures, 

multiple measures) 

• the different types of samples (clinically indicated vs matched controls, high lead vs 

low lead, occupationally exposed) 

• a hypothesised �U� shaped association between blood lead and reaction time 

performance (Bearer, 1999)  

•  increased variability of responding associated with increased body lead burden. 
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Close examination of the results within some of these reaction time studies also 

reveals possible fatigue or attention effects.  Harvey et al. (1988) found no relationship 

between visual reaction time and high lead in the first 4 reaction time trials, but did find 

an association with the 5th and 6th blocks of reaction time testing.  Similarly, Needleman 

et al. (1979) noted lead-related deficits in later, but not early reaction time trials.  This 

indicates disturbances in attentional functioning.  Hunter et al. (1985), interpreting 

Needleman et al.�s results, suggested these reaction time trials were in fact measuring 

vigilance performance.  In each case, lead-related attentional deficits could account for 

the reaction time results. 

 

In Study One, the lack of a clear association between lifetime PbB and auditory 

reaction time, but the presence of an association between lead and the pattern of false 

responses also suggested that vigilance and attentional deficits may be associated with 

increased lifetime PbB.  It is worth noting that this pattern of results (false responses 

showing strongest association with lead) is strikingly similar to that reported by Winneke 

et al. (1989) and characteristic of hyperactive children on this type of task (Sykes et al., 

1973, cited in Winneke et al., 1989).  Winneke et al. noted the performance measures on 

their reaction time task had highest loadings on a factor labelled �ability to concentrate� 

or �ability to pay attention�.  Accordingly, management of attention was the focus of the 

next phase of this project. 
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9.2.2 Lead and Auditory Processing Efficiency 

Study Two examined the degree to which complex auditory processing and 

attentional behaviour was impaired due to early childhood exposure to lead.  It was 

hypothesised that even though basic auditory processing in simple conditions was not 

apparently affected by lead, managing attention in sub-optimal conditions would be.  To 

test this, children were asked to attempt a more complex auditory processing task in 

which competing stimuli were presented to the children simultaneously.  In this 

experiment, children�s auditory processing (percentage of correct responses) was 

significantly associated with lifetime PbB levels.  This was the case for both the 

percentage of correct responses and the speed of correct responses.  The fact that these 

conditions were significantly related to lifetime PbB in complex, but not simple auditory 

conditions, is strongly suggestive that lead effects were not on simple auditory 

processing, but on the management of auditory attention. 

 

There has been relatively little work on the effect of lead on auditory processing in 

children.  This is somewhat surprising given the robust findings from animal studies 

(Laughlin, 1995; Molfese et al., 1986; Morse et al., 1987; Rice, 1985, 1988).  The few 

studies that have investigated auditory abilities in children have produced inconsistent 

results.  Early studies reported an association between body lead burden and auditory 

processing (Fergusson & Horwood,1988; Needleman et al., 1979; Perino & Ernhart, 

1974; Yamin, 1977, cited in Mayfield, 1985).  However later work (Ernhart & Greene 

1990; Needleman et al., 1990; Stiles & Bellinger, 1993) has not replicated these findings.  

The wide range of abilities assessed by these language-based tests may account for some 
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of the inconsistencies here, since these tests can measure language comprehension, verbal 

memory, production, imitation, auditory attention, fatigue, cognitive processing, language 

proficiency or a combination of these skills.   

 

The results of the current study are similar to those reported by Dietrich et al. 

(1992).  Their study described a significant relationship between PbB levels and central 

auditory processing scores on the Filtered Word Subtest (FWS) of the SCAN, but not the 

Auditory Figure-Ground Subtest (AGFS).  (The FWS measures auditory performance in 

sub-optimal or distorted conditions, whereas the AGFS is more imitative.)  Dietrich et al. 

attribute this finding partly to the distinctive cognitive component of the FWS (as 

opposed to the AFGS), with lead affecting language-based cognitive skills rather than 

just auditory perceptual abilities. 

 

 

The language-based task used in the current study was not especially difficult.  It 

involved recognising and responding to a simple target word presented with a variety of 

other words.  It attempted to measure not language-based abilities as such, but the 

executive management of auditory processing.  The results indicated that in this domain 

of language functioning, auditory processing was significantly affected by lifetime PbB.  

Since the ability to effectively maintain and manage attention in auditory processing tasks 

could explain these results the next study focussed on teacher and parent ratings of 

children�s attentional behaviour. 
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9.2.3 Lead and Behaviour 

Study Three examined if lead-induced impairments of attentional behaviour could 

be observed in non-experimental contexts such as home and school.  The results this 

study indicated higher lifetime PbB was associated with high scores on the 

Hyperactivity/Impulsivity, Immature/Attention, and Conduct Problems scales of the short 

form of the Conner�s Parent Rating Scale and the Conner�s Teacher Rating Scale.  After 

control for potential covariates the associations between lifetime PbB the Parent Rating 

Scale, but not the Teacher Rating Scale, remained significant. 

 

Lead and parent reports of behaviour 

Early cross-sectional studies, with a few exceptions (Winneke, 1983a; Winneke 

1983b; Sciarillo, 1992) did not report significant associations between lead and parent 

ratings of behaviour (Smith et al., 1983; Lansdown et al., 1986; Thomson et al., 1989; 

Winneke et al., 1990; McBride et al., 1987 ).  However, these studies used only a single 

measure of body lead burden (concurrent PbB or PbD) and/or failed to control for 

potential confounders.  The design of �extended� cross-sectional studies avoided many of 

these limitations.  Those that reported parent ratings of children�s behaviour, all reported 

a significant relationship between behaviour and lead (Fergusson et al., 1988; Fergusson 

et al., 1993; Silva et al., 1988 ). 

 

Few published studies of parental reports of behaviour exist from any of the 

prospective studies.  Reports from the Yugoslavia Cohort study (Wasserman et al., 1998) 

indicated small but significant associations between parent behaviour ratings of their 3 
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year-old children and lifetime PbB, after control for confounders.  Roberts et al. (2000) 

found, after control for covariates, a significant relationship between lifetime PbB and 

parent ratings of behaviour for 4-year-old girls, but not boys in the Port Pirie Cohort 

study. 

 

The current study of 7-year-old children supports findings of a relationship 

between lifetime PbB and parent ratings of behaviour in prospective studies (Roberts et 

al., 2000; Wasserman et al., 1998), and extended, cross-sectional studies (Fergusson et 

al., 1988; Fergusson et al., 1993; Silva et al., 1988). 

 

Lead and teacher ratings of behaviour 

The results of this study indicated a significant unadjusted association between 

lifetime PbB and teacher ratings of children�s behaviour.  After control for confounders 

this relationship was no longer significant.  Early cross-sectional studies of the 

association between teachers� rating of behaviour and lead, with a few exceptions 

(Lansdown et al., 1983; Thomson et al., 1989; Hatzakis et al., 1985), also found no 

relationship between lead and teachers� behaviour rating scores (Ernhart et al., 1981; 

Smith et al., 1983; Winneke et al., 1983; Winneke et al., 1983b; Harvey et al., 1988; 

Lansdown et al., 1986; Winneke et al., 1990;  Rabinowitz et al., 1992).  Unfortunately 

many of these studies did not adequately measure body lead burden or control for 

potential confounders. 
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Of the cross-sectional studies that have dealt with most of these methodological 

problems, many have reported significant associations between teachers� ratings of 

behaviour and body lead burden (Needleman et al., 1979a; Needleman, 1979b; 

Needleman et al., 1990; Leviton et al., 1993; Bellinger, Hu, et al., 1994; Fergusson et al., 

1988; Fergusson et al., 1993; Silva et al., 1988).  The only exception to this is Bellinger's 

(1984) report using the teacher version of the Needleman scale, which indicated no 

significant relationship.  The findings of the current study are consistent with Bellinger 

(1984), but not the other published cross-sectional studies.  No prospective studies have 

as yet published reports of the relationship between lead exposure and teacher ratings of 

behaviour. 

 

The lack of a significant relationship between PbB and teacher reports in this 

study deserves some discussion.  Many teachers had to complete numerous 

questionnaires (although not all at once), and possibly may not have completed these with 

due care and consideration.  Frequently the classes in which Port Pirie teachers taught 

were comprised of a majority of lead-exposed children.  As such it may be the normative 

basis on which they make behavioural ratings may itself have been lead-affected.  The 

converse would be the case in the surrounding towns where lead levels were low.  In both 

these cases, teacher�s ratings of normative and extreme behaviour are based largely on 

their own experiences of children, and that regarded as extreme in one population may be 

regarded as normal in another.  Alternatively, previous research (Cechetti, 1995, Asher & 

Coie, 1991) has shown teachers can be relatively insensitive to individual variations in 

behaviour.  Finally, teachers� ratings of children�s behaviour are sometimes biased by 
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other factors such as social class, physical attractiveness or academic achievement 

(Parker & Asher, 1987). 

 

Conclusion 

The findings from the current study of a significant relationship between PbB and 

parental ratings of childhood behaviour are consistent with the results from controlled, 

well-designed studies using standardised behavioural measures.  On the other hand, this 

project revealed a significant unadjusted relationship between lifetime PbB and teacher 

ratings of child behaviour, which was no longer significant after controlling for potential 

confounders.  Whilst consistent with early cross-sectional studies and Bellinger et al. 

(1984), this finding is inconsistent with many of the �extended� cross-sectional studies. 

 

Those studies that have reported a significant association between PbB and 

behaviour have revealed a consistent behavioural pattern.  These behaviours include 

restlessness, distractability, and attentional problems.  In this project the strongest 

associations were evident between Immature/Inattentive and the Distractable/Hyperactive 

scales of the Conner�s Behavior Rating Scales.  This pattern of results has been reported 

in previous studies and will be discussed in more detail in the next section. 

 

9.2.4 Lead and Attention 

Evidence supporting effect of lead on children�s attention was found across 

simple and complex auditory processing tasks performed by the children (Studies One 
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and Two).  Parent behaviour ratings (Study Three) provided further support for the 

association between lifetime PbB and attentional deficits. 

 

Needleman et al. (1979) reported teacher ratings of high lead children were 

associated with lack of persistence, increased distractability and increased daydreaming, 

and summarised �the ability of subjects with high lead levels to sustain attention was 

clearly impaired� (p. 692).  In subsequent studies, a consistent pattern has emerged with 

respect to the relationship between increased lead and behaviour.  Significant findings 

have been reported on �sustained attention� (Davis, 1990) �unable to sit still�, �less 

resistant to distraction� (Winneke et al., 1983a), is restless, is easily distracted (Winneke 

et al., 1983b), teacher ratings of �inattentive/restless� (Fergusson et al., 1988; Fergusson 

et al., 1993) and prone to restlessness or inattentive behaviour (Fergusson et al., 1989), 

more off-task classroom behaviour (Bellinger et al., 1981), distractability and �more off 

task behaviour� (Needleman et al., 1982, 1983), distractability, inattentive/passive (Yule 

et al., 1984), inattention (Silva et al., 1988), attention problems (Needleman et al., 1990), 

and (in boys,) non-persistence and difficulty following instructions (Leviton et al., 1991). 

 

Similar findings have emerged from animal studies with reports of increased 

attention to irrelevant cues (Rice, 1985; Rice & Gilbert, 1990a), attention to irrelevant 

position (Rice, 1984), holding the bar too long (Rice, 1988), delayed alternation (Rice & 

Gilbert, 1990b), restlessness (Winneke et al., 1977; Winneke, 1980) and behavioural 

disinhibition (Winneke et al., 1982). 
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Behavioural studies of children and animals fairly consistently report the major 

behavioural outcomes associated with lead exposure to be inattention, restlessness, and 

distractability.  Parent and teacher reports from Study Three also revealed a significant 

association between lifetime PbB and Attention/Hyperactivity and 

Impulsivity/Distractability.  The next phase of this study investigated the extent to which 

auditory processing performance and attentional behaviour scores accounted for the 

observed lead-related deficits in IQ scores.  

 

9.2.5 Lead, Attention and Global Cognitive Abilities 

Using the data from the first four studies the central question of this project was 

addressed.  Namely, to what extent can lead-induced deficits in children�s global 

cognitive abilities be explained by impairment to auditory processing and attentional 

abilities?  Study Five found a significant deleterious effect of lead on 7-year-old 

children�s IQ, which persisted after control for covariates.  However, when the influence 

of behavioural ratings of attention and auditory processing performance were taken into 

account, lead no longer accounted for a significant proportion of the variance in IQ 

scores.  On the other hand when the influence of IQ scores was taken into account, lead 

still accounted for significant variance in parental behaviour ratings.  This finding 

supports the hypothesis that attentional processes are an important mechanism through 

which the observed cognitive deficits associated with increased body lead burden occur. 
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The Role Of Attention In Learning and Cognitive Development 

 

The notion that attentional deficits may account for decreased IQ associated in 

children with elevated PbB was highlighted by Wasserman et al. (1997) who found �a 

significant adverse association between postnatal PbB and the Freedom from 

Distractability factor (of the WISC), perhaps reflecting difficulties in the management of 

attention� (p. 18).  Stiles and Bellinger (1992) similarly noted the possibility that deficits 

in attentional processes underlie the relationship between lead exposure and the WISC-R 

performance.   

Normal learning in children requires the successful functioning of the central 

nervous system throughout the prenatal and postnatal developmental periods.  Injurious 

events can influence the development of a variety of neurological structures and 

processes, which in turn can affect the process of learning and adaptation.  The ability to 

effectively process and assimilate new information is central to the process of learning.  

The ability to identify and attend to meaningful information, whilst simultaneously being 

able to identify, yet not be distracted by non-useful stimuli, is an important component of 

this learning process.  The results of Studies One, Two, and Three suggested increased 

inattention and distractability were associated with higher lifetime PbB.  It was 

hypothesised that this deficit in attention might have consequent effects on learning that 

would be reflected in their IQ scores. 

 

At the early stages of the current investigation it was hypothesised that auditory 

processing might be impaired in children exposed to environmental lead.  This was in 
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part premised on a review by Otto and Fox (1993) which stated that learning may be 

impaired in children due to lead induced alterations in auditory discrimination.  The 

current study found effects of lead evident on children�s auditory processing in dichotic, 

but not normal listening conditions.  The conclusion made by Otto and Fox about normal 

listening conditions was largely based on two studies: the Needleman et al. (1979) and 

the Mayfield (1983) studies.  In both of these studies the authors themselves suggested 

deficits in ability to sustain attention as an alternate explanation for their findings.  Thus 

Otto and Fox�s conclusions about auditory discrimination being the underlying 

mechanism explaining global cognitive deficits, could equally apply to attention deficits.  

Moreover, it may be the ability to focus or sustain attention in the domain of auditory 

processing, which is responsible for the lead-induced impairment of learning, not 

auditory processing per se as argued by Otto and Fox. 

 

Conclusion 

The evidence for the role of attention in accounting for lead-induced impairments 

of cognitive abilities is accumulating (Bellinger et al., 1994; Stiles & Bellinger, 1992; 

Wasserman et al., 1997).  The results of this study indicated that after controlling for 

confounders, measures of attention and distractability accounted for most of the variance 

between lifetime PbB and children�s WISC scores. 

 

Bellinger (1994) reflected that proposing lead-impaired attention accounts for 

deficits in learning is perhaps not much better than suggesting global IQ deficits.  

However, IQ tests are designed to test a wide range of cognitive skills and subtests 

frequently require a variety of cognitive processing skills to be employed simultaneously.  
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As such using IQ test results to infer underlying neurological mechanisms of lead toxicity 

is extremely difficult.  Even though attention is not a highly specific neurological activity 

it does rely on a much more limited range of neurological processes and investigating the 

lead effects on attention could be an important step in understanding the underlying 

processes and mechanisms of lead toxicity. 
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9.3 Implications for Theory and Research and Practice 

9.3.1 Research Implications 

9.3.1.1 Measurement of Body Lead Burden 

Banks et al. (1997) warned against the use of single, concurrent blood lead 

measures as an estimate of body lead burden due to its variability and therefore not 

necessarily being a valid measure of lead exposure at all.  On the other hand, many 

studies have been criticised (e.g. by Ernhart & Greene, 1989)  for the use of multiple 

predictor variables which substantially increases the risk of Type I errors.  In this study, 

using all of 9 postnatal blood and 3 antenatal lead measures would have substantially 

increased the risk of Type I errors.  Using a composite measure of body lead burden (the 

geometric mean of all post-natal blood leads of the children from birth to 7 years of age) 

meets the methodological concerns of both Banks et al., and Ernhart and Greene. 

 

The disadvantage of using a composite measure of lifetime lead exposure is that it 

does not allow for the identification of developmental periods when children may be 

most sensitive to the effects of lead exposure.  The timing of lead exposure and its effects 

on later behavioural development, whilst an important question, was not addressed in this 

study.  This study sought to establish the link between attentional behaviour and 

cognitive abilities.  However, future analyses using prenatal, antenatal and early 

childhood blood lead measures from this cohort could investigate the timing of 
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environmental lead exposure and its effects on children�s behaviour and later 

development. 

 

The importance of accurately estimating lifetime lead exposure cannot be 

overstated.  It presents a challenge to lead research and is frequently a limitation of cross-

sectional studies.  Strict compliance to this standard would mean only studies with lead 

exposure measures collected at various times throughout a child�s life could contribute 

effectively to the field.  This would exclude much good research using clinical, at risk 

and cross-sectional samples and leave only animal and prospective studies.  This is a 

serious dilemma.  Prospective studies are slow to produce results, expensive, and difficult 

to fund in the current political climates.  On the other hand, animal studies are relatively 

inexpensive but the generalisation of results from these studies to human populations is 

difficult.  Of course it is not possible to design the perfect study and every research 

project comes with its own constellation of limitations.  However, some suggestions to 

help deal with issue are proposed below. 

 

First, research into the identification of new biomarkers of previous lifetime lead 

exposure should be a priority.  In lead research, the work of Needleman et al. (1996) and 

Bellinger et al. (1994) measuring trabecular and cortical bone has been pioneering in this 

respect.  However, much more research needs to be conducted to understand the 

relationship of concurrent measures to previous exposure levels and to discover new 

biomarkers of early lifetime lead exposure.  Special attention should be given to 

identifying those biomarkers that might also provide some indication of the timing of 
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exposure.  Second, the instigation of widespread lead exposure screening programs using 

standardised, quality-controlled exposure measurement procedures would provide an 

important public health service to the community.  It could result in the collection and 

maintenance of an extensive database.  The ability of lead researchers to access this data 

many years later would provide invaluable exposure data.  Third, (and by far the least 

satisfactory,) there is a tendency for individuals to track with respect to their relative lead 

exposure levels.  That is, those relatively high at time one tend to be relatively high at 

time two.  However this is not always the case.  Research into the phenomena of 

�individual tracking� and the identification of factors which predict or interfere with this 

phenomena would be helpful in defining cases to be excluded from analyses due to 

violations or variations on �tracking variables�. 

 

9.3.1.2 Control for Confounders 

Undercontrol 

It could be argued that the reported relationship between lifetime PbB and 

attentional deficits is the result of inadequate or incomplete control for potential 

confounders.  This is an important consideration and a valid criticism of many early 

clinical and cross-sectional studies.  However, the consistency of the reported lead effects 

on children, with those found in animal studies (Gilbert & Rice, 1987; Molfese et al., 

1986; Rice & Karpinski, 1988) in which these confounders are not present, argues against 

this.  
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Overcontrol 

Whilst it is possible that the effects of lead on child development are over-

estimated due to failure to control for potential confounders, the converse is also possible.  

Thus it is conceivable the findings of this and other studies, in fact underestimate the 

effects of lead due to statistical over-control.  For example the HOME scores 

significantly attenuate the effects of lead on behavioural measures.  Rather than being an 

independent measure of variation in the child�s behaviour, many of the HOME items 

relate to the presence of lead in the environment.  Children living in a high-lead 

environment are more likely to have a high-lead parent and the HOME scores could be a 

reflection of lead-related parenting behaviours. Greene, Ernhart and Boyd (1992) observe 

that � if low-level lead exposure should lead to substantially impaired care-taking 

behaviour, inclusion of the HOME as a covariate may lead to over-adjustment; that is, the 

magnitude of adverse lead effects could be underestimated� (p. 256).  Consideration 

should also be given to the interactional effects of behaviour between the child and its

parent.  The HOME asks many questions about the variety and types of intellectual and 

social stimulation provided to the child.  A child whose (non-lead affected) behaviour is 

well-regulated may be receptive to, and therefore offered, a very different suite of 

learning and behavioural experiences than one who has difficulty in the regulation of 

his/her (lead-affected) behaviour. 

 

 

Items assessed by the HOME are significant in a child�s development, but caution 

should be exercised when interpreting them as a variable independent to the effects of 

lead.  Similarly, controlling for other covariates may inadvertently control for variation 

 300



due to the effects of lead exposure, thus biasing the results towards the null hypothesis.  

Variables related to parental behaviour may be independent, may be affected by lead, or 

may occupy both positions in the causal chain (Needleman & Bellinger, 1989).  As such 

the inclusion of these variables represents a conservative approach to the estimation of 

the effects of lead on behaviour. 

 

9.3.1.3 Task Difficulty 

The sensitivity of tests in detecting lead-induced deficits in research may depend 

on the difficulty of tasks.  Davis et al. (1990) suggests that a deficit may not be apparent 

on tasks that are either too easy or too difficult.  Evidence of this in lead research can be 

seen in the work on auditory processing (Dietrich et al., 1992), postural balance 

(Bhattacharya et al., 1995), and lead research with monkeys (Gilbert & Rice, 1987; Levin 

et al., 1983; Levin et al., 1986), sheep (Carson et al., 1974), and rats (Winneke et al., 

1977; Winneke et al., 1982).  Work with brain-damaged animals has also shown this 

pattern (Bushnell & Bowman, 1979a; Munoz et al., 1988; Schmaltz & Theios 1972; 

Schneider & Tarshis, 1995; Thompson et al., 1983).  As discussed in Chapters Four and 

Five, the lack of a clear association between lead and simple auditory processing may be 

a function of the difficulty of task. 

 

The challenge for future research into the effect of lead on specific abilities is to 

develop tasks that tax the organism�s processing abilities at an optimal level.  Tasks 

which are too easy, or too difficult, can be insensitive to the effects of lead (Bhattacharya 

et al., 1995; Dietrich et al., 1992; Winneke et al., 1989).  Poor choices in this respect can 
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confuse and obfuscate the advancement of understanding of the effects of lead.  This 

highlights the importance of devising tests capable of assessing children�s specific 

abilities (particularly attention) across a range of ages and levels of difficulty.  

Interestingly, this is a characteristic of most tests of children�s global cognitive abilities, 

and may provide an explanation for their proven sensitivity to lead effects. 

 

9.3.1.4 Alignment 

Future research should aim to increase the level of co-operation between those 

who conduct lead research with human populations and those using animal subjects.  The 

role of animal studies in lead research is crucial.  Animal studies avoid some of the most 

difficult methodological terrain encountered in research with human participants.  

Specifically, the challenges in human studies such as the role of socio-economic status, 

uncontrolled levels of exposure, the quality of the caretaking environment, nutrition, 

health and early care are not problematic animal studies.  The controlled environment in 

animal studies also allows control of the timing, (including initiation and cessation of 

exposure,) and magnitude of lead exposure.  Closer alignment between animal and 

human studies reciprocally strengthens the interpretation of the results for each field. 

 

In particular, future research with humans and animals should seek to use similar 

tests of attention.  The importance of this cannot be overstated.  Consistent results from 

human and animal studies using analogous tasks comprises compelling evidence.  

Developing analogous tests of attention that could be used in human and animal 

populations is central to this.  Clearly cooperation in the choice and development of 
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experimental tasks and in designing the experiments is needed to ensure maximum 

similarity between studies, but the field of attentional behavioural is quite amenable to 

this.  Tests of sustained attention, freedom from distractability and impulse control 

already exist in both fields.  The challenge for researchers from both fields is to develop 

these tests further and maximize their applicability across the different sample 

populations. 

 

9.3.1.5 Developing Experimental Models and Tests of Attention 

Before analogous tests of attention can be developed for humans and animals, 

increased clarity is needed in the models and the conceptualisation of attention.  There is 

still considerable confusion over the operationalisation of terms such as �attentional 

deficit� or �hyperactivity�.  More work is needed to define and operationalise these and 

other concepts and describe their manifestation in different experimental situations. 

 

The use of models of attention such as that proposed by Mirsky offer an ideal 

vehicle to more carefully explore the attentional mechanisms most sensitive to the effects 

of environmental lead exposure, and underlying the observed deficits in IQ scores.  This 

model conceptualises attention across the four areas of shift, attend, focus/execute and 

executive management.  The work of Bellinger, Hu, et al. (1994) provides an exemplar of 

well-planned, systematic research based on this theoretical model of attention.  However, 

this study was hampered from a lack of development, standardisation, reliability and 

validity testing of the methods of assessment.  (This research exists for tests of children�s 
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global cognitive abilities, and is probably another explanation for their sensitivity to lead 

effects).  Research and development in this area should be a priority. 

 

9.3.1.6 Directions for Future Research: Summary 

Throughout this section it has been suggested that future research should seek to 

• develop new and accurate biomarkers of lead exposure 

• refine theories and models of attentional behaviour  

• develop standardised, reliable and valid tests capable of assessing the 

different domains of attention 

• utilise tests of attention applicable across a wide range of ability levels 

• develop analogous tests of attention applicable to both animal and human 

populations. 

 

If early childhood exposure to lead has an effect on behaviour and if these effects 

are enduring, then future research should also investigate the effects of lead exposure into 

adulthood.  If the behavioural effects of early childhood exposure to lead do persist into 

adulthood, this has significant public health and environmental health implications.  This 

sort of research could be carried out using attentional tests developed as described above.  

However, even now research could be conducted with methods and instruments currently 

available and in use.  Behaviour rating scales, both self-completed and other-completed, 

could be collected from participants from the various prospective studies.  Further, other 

social indicators of behavioural adjustment such as school records, work records, police 

records could be collected.  Interesting work with respect to lead exposure and self-
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reported criminality (Needleman et al., 1999) shows this as an area worthy of further 

exploration.   

 

Another field of future research is the investigation of the effects of lead at very 

low levels.  Although the effects of low and moderate levels of lead exposure in children 

are relatively well-documented, little work has been done investigating the effects of very 

low levels of exposure.  Preliminary indications of effects at very low levels (<10ug/dl) 

have come from some of the prospective studies (Baghurst et al., 1992; Bellinger et al., 

1994).  These early indications suggest the effects of lead at very low levels may indeed 

be greater per unit dose than at low and moderate levels of exposure.  However research 

directed specifically at this question is needed. 

 

9.3.2 Theoretical Implications 

Developing a causal model of the influence of lead on neurological functioning 

has been a major goal of lead toxicity researchers.  It is not easy outside the laboratory 

environment to establish lines of causality.  This is especially the case in epidemiology.  

With respect to the relationship between lead, behaviour and IQ several models might 

apply.  Bellinger (1989, p. 83) discussed the three models of influence represented below 

(Figure 9.1).  In the first, behaviour is affected by lead via developmental handicaps. 
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Figure 9.1. Three models that account for the association between elevated lead exposure 

and developmental handicap (from Bellinger, 1989, p. 83). 
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In the second and third models, behaviour is still influenced by developmental handicaps 

but it subsequently exerts an influence on lead exposure.  In the third, an unknown 

mechanism is hypothesised to underlie both lead exposure and developmental handicap.  

In none of these proposed models does behaviour have a direct line of influence on the 

development of developmental impairments.  Rather behaviour appears as the 

consequence of developmental handicap. 

 

The model proposed on the basis of the findings from the current project proposes 

that behaviour is influenced by lead exposure and this lead-affected behaviour has a 

direct influence on IQ (see Figure 9.2).  Two lines of influence presented in this model 

were specifically tested in this study.  First, lead exposure was shown to be associated 

with significant changes in children�s behaviour.  Second, including measures of 

behaviour in the regression model reduced the association between lead and IQ to the 

level of non-significance. 

 

It is suggested that behaviour exerts an influence on IQ scores via two major 

pathways (Represented by the two arrows in Figure 9.2.  First path of influence proposed 

is via sub-optimal performance on cognitive ability and IQ tests due to lead-impaired 

attending behaviour during testing sessions.  Second proposed pathway by which lead 

affected behaviour influences IQ scores is due to underlying deficits in cognitive abilities 

as a result of a history of lead-affected behaviour.  In contrast to the Bellinger (1989) 

models which suggest lead-induced developmental handicaps result in behavioural 
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changes this model proposes that behavioural changes contribute to impaired 

performance on tests of intelligence. 

 

 

 
Lead 

Exposure 
Developmental 

Handicaps 
(IQ) 

Behavioural 
Changes 

 

 

 

 

 

Figure 9.2.  Behavioural model of the association between lead exposure and 

developmental handicap.  

 

Reverse Causality? 

The model in Figure 9.2 indicates that children�s behaviour is influenced by 

exposure to lead.  However, it has been argued that certain behavioural dispositions (eg 

hyperactivity) cause increased lead exposure and not the converse (Figure 9.3).  For 

example, it is possible attentional deficits and associated changes in behaviour result in a 

constellation of behaviours which themselves predispose the child to be exposed to high 

lead microenvironments which subsequently impairs IQ (Model One).  Alternatively, it 

could be that pre-existing behavioural problems cause both elevated blood lead levels and 

decreased IQ (Model Two).   
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Lead 
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Figure 9.3.  Reverse causality models.  

 

A variation of the reverse causality model, the transactional model, discussed by 

Pearson and Dietrich (1985), proposes that the organism both influences and is 

influenced by its environment.  In this model lead and behaviour act on each other in a 

reciprocal fashion, each being both the cause and the result of the other.  However, 

evidence from studies with rats and non-human primates experimentally exposed to lead 

pre-natally and/or post-natally (Gilbert & Rice, 1987; Molfese et al., 1986; Rice & 

Karpinski, 1988) clearly indicate that lead exposure precedes behavioural changes. 

 

In humans, it is possible that changes to behaviour (whatever the cause) 

subsequently affect levels of lead exposure, and also that IQ changes might cause subtle 

changes to behaviour and therefore lead levels (see dotted lines Figure 9.2).  The strength 

of these influences is debatable.  However the two important lines of influence proposed 
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on the basis of findings from the current project are 1) that lead exposure is associated 

with changes to behaviour, and 2) this behaviour can account for lead-related variance in 

IQ scores.  The current project presented evidence establishing the plausibility and 

importance of both of these pathways, the influence of lead on behaviour, and the 

influence of this lead-affected behaviour on IQ. 

 

Future research to further test this model could focus on three major areas.  First, 

future research should include experimental and behavioural measures of attention and 

seek to include them in the analytical models.  Particular attention should be paid to the 

ability of these behavioural measures to account for lead related variance in IQ scores.  

Similar analyses could be conducted for specific achievement and ability tests (eg reading 

and mathematics).  Second, future research could investigate alternative plausible lines of 

influence between lead, behaviour and IQ.  In this project, treating IQ as a mediator 

variable was not sufficient to reduce the lead-related variance in behaviour to the level of 

non-significance.  Some prospective studies have already collected behavioural ratings of 

attention (eg Dietrich et al., 1993; Wasserman et al., 1998) and IQ test scores from their 

sample.  The data from these projects could be analysed assessing the role of behaviour 

as a mediator of lead related deficits in IQ scores.  Finally, animal studies on the effects 

of lead could include both tests of attentional behaviour and tests of learning ability and 

investigate the relationships between these. 

 

It is not incompatible with this model (Figure 9.2) to suggest that lead also has a 

direct effect on IQ.  However, the results of this project indicate that this line of influence 
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was not significant after the variance in behaviour scores was taken into account.  It is not 

argued that lifetime PbB does not have a direct influence on the global cognitive abilities 

of children.  Rather it is suggested that attentional behavioural processes can, to a large 

extent, account for the lead effects on IQ. 

 

9.3.3 Practical Implications 

The cost to the community of the effects of lead in its population, particularly the 

young, occurs right across the spectrum of abilities but is most visible at the extremes of 

the distribution.  On the one hand, a downward shift of 5-7 IQ points for the most 

intelligent has a large negative effect on their capacity to contribute to the development, 

advancement and quality of the community.  Weiss (1988) calculated that if the entire 

population was affected by a downward IQ shift of 5 IQ points, the number of individuals 

functioning in the Very Superior Range would be reduced by more than half.  Schwartz 

(1994) estimates almost 75% of the benefits of reducing levels of lead exposure come in 

the form of earning gains.  He estimated that in the US, the total benefit of a 1 ug/dl 

reduction in blood lead levels for one year�s cohort of children would be $6.937 billion.  

Of this total, $5,060 billion comes from avoiding the future earnings losses of these 

children (due to deficits caused by lead exposure on educational achievement and 

cognitive ability).  Salkever (1995) argued that due to recent trends in women�s return to 

education and the workforce, this figure should be revised upward by 50% (2.5 billion 

extra per annual birth cohort). 
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At the other end of the distribution, a downward shift of the entire distribution by 

5-7 points, would double the number of people who would require additional community 

support services.  Wiess (1988) estimated that if the IQ of the entire US population was 

reduced by 5 IQ points, then the number of children with IQs of 70 or less (Borderline 

and Mentally Deficient) would double.  Schwartz (1994) extrapolated that if the lead 

level of each age cohort was reduced by 1 ug/dl this would result in an estimated 0.25 

increase in IQ scores.  He estimated that the shift in distribution of lead scores would 

result in 145,000 fewer children in the US with blood lead levels over 25 ug/dl, this 

would in turn reduce the cost of treating these children by $US189 million and special 

education costs by $US481 million. 

 

What Schwartz (1994), Weiss (1988) and Salkever (1995) do not include in their 

calculations are the social costs of attentional problems such as impulsive behaviour, 

attentional deficit disorder and their association with substance abuse, conduct disorder, 

antisocial behaviour, unstable work histories and marital discord.  As no meta-analysis 

has yet provided an estimate of lead and behavioural problems, it is not possible to 

estimate the costs of lead exposure in this respect to the community.  Even at subclinical 

levels, the costs of deficits in attention and the demand this makes on teachers, schools, 

educational systems, and indirectly to other students through the diversion of resources to 

deal with these problem behaviours, is exponential.  With an estimated 3 � 4 million US 

preschool children exceeding 15 ug/dl (Agency for Toxic Substances and Disease 

Registry, 1998), the public health implications of an increased incidence of these 

behaviours in the population are enormous. 
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9.3.1.1 Lead Abatement Programs 

Although it is difficult to discern a threshold of lead toxicity, the level of lead 

exposure in urban population is almost 200 times the level experienced by pre-industrial 

humans (Silbergeld, 1996).  The last 20 years have seen significant reductions of 

population exposures around the world (Shuhmaker et al., 1996; Stromberg, et al., 1995; 

Taylor et al., 1995).  Substantial gains have been made in source reduction (use of 

unleaded petrol, bans on lead in plumbing and paints) and in media reduction (levels of 

lead in air and water).  This has resulted in a significant reduction in lead in food, soils, 

water and air.  The most significant of these reductions has been due to the introduction 

of unleaded petrol.  The CDC estimates that this action alone is responsible for 60-80% 

of the reduction in average blood lead levels observed (Prickle et al., 1994).  Whilst some 

sources of lead in the environment have been controlled (notably lead in petrol) there are 

still persistent sources of lead in the environment (lead in petrol in Australia, lead in 

paint, lead in plumbing and building materials).  Notably, whilst unleaded petrol was 

introduced in Australia in 1984, residual lead in the environment remains one of the 

major sources of lead contamination in urban communities in this country. 

 

9.3.4 Other Implications 

In the regression models developed in this study, lead accounts for only a small 

proportion of the total variance in children�s IQ and behaviour scores.  In this project 

other factors such as parental education, marital status, parental smoking, socioeconomic 
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status and the quality of the home environment each account for a much larger proportion 

of the variance in IQ and behaviour scores than lead.  Already many communities are 

committing large amounts of money and resources to the control and minimisation of 

lead in the environment, and rightly so.  However, the results of this and other 

prospective studies of children�s development also point to the importance of primary 

preventative and educational programs to address the other factors, especially the quality 

of the caretaking environment, identified as important predictors of children�s cognitive 

and behavioural well-being. 

 

9.4 Conclusion 

The lethal doses of lead in blood are 100 ug/dl.  According to a recent NHANES 

study, the median blood lead level in the United States is about 15 ug/dl.  (Silbergeld, 

1996).  This compares to the Flegal and Smith (1992) estimate of 0.01 ug/dl in pre-

industrial humans. Current WHO guidance level of lead is 10 ug/dl, one order of 

magnitude away from the lethal dose.  The current health guidance levels are still closer 

to the lethal dose than they are to the �background level� of lead.  We have yet to come to 

a full understanding of the toxicity of lead.  We are still to reach the goal of eradicating 

this entirely preventable disease.  The level of lead exposure in our cities is manageable 

and controllable.  As the financial and societal costs of not dealing with this problem are 

much higher than the costs of prevention and control, the eradication of lead should 

remain an important focus for the benefit of the countries, the communities and the 

individuals involved. 
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Note 1 Winneke, et al., (1989) did use �random sequence of 180 visual and auditory signals in a row� (p. 

588) from the �Vienna reaction device� in their reaction time task.  However, it is unclear if the auditory 

signal occurred simultaneously or independent from a visual stimuli. 
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Appendix 4.1 

Monaural word lists 

 
List 37 
 
Channel 1 Word Type 
 
LARGE  NPD  
COME  NPD  
NORTH  NPD  
BOG  PD  
HOPE  NPD  
WORK  NPD  
RATE  NPD  
DOG  T 
FIRST  NPD  
DOG  T 
WENT  NPD  
KNEW  NPD  
TOG  PD  
HOUSE  NPD  
PEACE  NPD  
HAIR  NPD  
DOG  T 
DOUBT  NPD  
DUG  PD  
GREAT  NPD  
DOG  T 
HALL  NPD  
BOG  PD  
MONTH NPD  
MONTH NPD  
COURSE NPD  
DOCK  PD  
HEAD  NPD 
MIND  NPD  
BIG  NPD  
DOG  T 
MORE  NPD  
MEET  NPD  
DUG  PD  
BRING  NPD  
STRONG NPD  
DOG  T 
GUN  NPD  
DOG  T 
STREET NPD  
DOG  T  
NOTE  NPD  
FULL  NPD  
TOG  PD 

 346



SON  NPD  
DOG  T 
CHANCE NPD  
BOG  PD  
HEART  NPD  
TRUE  NPD  
MEANS  NPD  
DOG  PD  
LEFT  NPD  
FALL  NPD  
DOG  T 
SHALL  NPD  
STOOD  NPD  
DOCK  PD  
BOY  NPD  
TOP  NPD  
 
 
 
 

List 39 
 
Channel 1  Word Type 
 
CENT   NPD  
FOUND   NPD  
DOB   PD  
HIT   NPD  
STOP   NPD  
DOG   T 
MONTH  NPD  
FRONT   NPD  
THINK   NPD  
DOG   T 
PART   NPD  
SMALL   NPD  
AID   NPD  
DIG   PD  
LEAD   NPD  
SOON   NPD  
BOG   PD  
PAIR   NPD  
DOWN   NPD  
QUITE   NPD  
DOG   T 
LENGTH  NPD  
STEP   NPD  
ROAD   NPD  
DOG   T 
LAST   NPD  
LEFT   NPD  
DIG   PD  
ACT   NPD  
CAUSE   NPD  
GONE   NPD  
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BOG   PD  
READ   NPD  
DOG   T 
NORTH   NPD  
START   NPD  
DIG   PD  
BORN   NPD  
DOG   T 
WROTE   NPD  
TOG   PD  
SOUND   NPD  
DOG   T 
JOB   NPD  
HOPE   NPD  
BOG   PD  
GROUP   NPD  
DOG   T 
MIND   NPD  
DOG   T 
STAND   NPD  
DOB   PD  
GOD   NPD  
DOG   T 
THAT   NPD  
SON   NPD  
GIVE   NPD  
TOG   PD  
CASE   NPD  
LOVE   NPD  
 
 
 

List 40 
 
Channel 1  Word Type 
 
HEAD   NPD  
THINK   NPD  
SOUND   NPD  
DOG   T 
BIG   NPD  
HORSE   NPD  
DOG   T  
ONCE   NPD  
DUG   PD  
DOUBT   NPD  
DOG   T 
RED   NPD  
CARE   NPD  
DONG   PD  
PART   NPD  
GAME   NPD  
DOG   T 
CHIEF   NPD  
DUG   PD  
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PAIR    NPD  
DOCK   PD  
COURSE  NPD  
DOG   T  
BRING   NPD  
SQUARE  NPD  
SHORT   NPD  
DOG   T 
THIRD   NPD  
KNEW   NPD  
ROOM   NPD  
LOG   PD  
TRUTH   NPD  
DOG   T 
FOUR   NPD  
HOPE   NPD  
COURT   NPD  
DOCK   PD  
MORE   NPD  
STRONG  NPD  
DOG   T 
CAR   NPD  
FINE   NPD  
LOG   PD  
NOTE   NPD  
DOG   T 
BEST   NPD  
SIZE   NPD  
HEAR   NPD  
DONG   PD  
JOB   NPD  
STREAM  NPD  
DUG   PD  
FRIEND  NPD  
LEFT   NPD  
TOOK   NPD  
DOG   T 
LEAVE   NPD  
ASK   NPD  
DONG   PD  
HALL   NPD  
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Appendix 4.2 

Means of Target Detection Task According to Quartiles- Target Detection Rate 

(Percentage Correctly Identified) 

 
 

 
 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

1 88.94 85.15 90.61 86.97 88.45 

2 88.14 87.57 88.57 87.57 88.02 

3 84.79 84.79 88.71 86.36 85.99 

4 78.68 78.68 84.86 84.86 84.01 
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Appendix 4.3 

Summary of Hierarchical Regression Analysis for Variables Predicting Percentage of 

Correct Responses (Left Ear-Left Hand Condition) 

 

Variable B SE B β

Step 1 

Birthweight 7.47 .002 .02

Marital status .338 1.2 .014

Mo's education -1.57 1.2 -.074

Fa's Education .115 1.17 .006

Fa's Occupation -.118 .09 -.071

Mat IQ -4.40 .13 -.019

Home score .336 .23 .088

Step 2 

Birthweight 8.17 .002 .021

Marital status .333 1.22 .014

Mo's education -1.57 1.22 -.073

Fa's Education 6.06 1.16 .003

Fa's Occupation -8.77 .095 -.053

Maternal IQ -7.65 132 -.033

Home score -.348 .232 .084

Cum PbB -694 .227 -.185*

Note. R2 = .016 for step 1; ∆R2 =.036 for step 2, F(1,381) = 9.37, p< .002. 
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Appendix 4.4 

Means of Noise Detection Task According to Quartiles- Noise Detection Rate (Percentage 

Correctly Identified) 

 

 

 
 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

1 12.88 26.06 12.12 24.24 19.12 

2 18.20 26.71 19.85 25.21 23.12 

3 16.63 26.07 13.43 27.67 23.14 

4 22.79 26.29 16.00 26.43 23.17 
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Appendix 4.5 

Summary of Hierarchical Regression Analysis for Variables Predicting Percentage of 

False Responses -Left Ear Left Hand 

Variable B SE B β 
Step 1    
Birthweight 6.74E-04 .004 .027 
Marital status -1.050 1.841 -.092 
Mo's education -1.262 3.310 -.092   
Fa's Education 3.716  2.434 .287 
SES .266  .09 .241  
Mat IQ .332  .258 .319  
Home score -.638 .646 -.197 
Step 2    
Birthweight 3.1.5E-04 .004 .021 
Marital status -.910 1.860 .014 
Mo's education -1.517 3.345 -.073 
Fa's Education 3.755 2.446 .003 
SES .263  .250 -.053 
Maternal IQ .350  .260 -.033 
Home score -.552 .658 .084 
Cum PbB .554 .226 .259 * 

Note. R2 = .011 for step 1; ∆R2 =.066 for step 2, F(1,281) =5.987, p< .016. 
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Appendix 4.6 

Summary of Hierarchical Regression Analysis for Variables Predicting Percentage of 

False Responses-Both Ear, Both Hand Data 

Variable B SE B β 
Step 1    
Birthweight -6.358E-05 .003 -.004 
Marital status -.852  1.298 -.105 
Maternal IQ  3.441E-04 .181   .000    
Home score .107  .449   .047 
Mo's education -6.160E-02  2.309 -.006 
Fa's Education 3.475 1.685 .377  
SES .280 .168 .360  
Step 2    
Birthweight -7.492-04 .003 -.042 
Marital status -.587 1.242 -.072 
Maternal IQ  3.629E-02 .173  .049   
Home score .258   .431   .113 
Mo's education -.570 2.211 -.058 
Fa's Education 3.512 1.604 .381  
SES .270  .160 .347 
Cum PbB .522 .240 .330 * 

Note. R2 = .014 for step 1; ∆R2 =.102 for step 2, F(1,281) =4.707 p< .003. 
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Appendix 4.7 

Means of Noise Detection Task According to Quartiles- Reaction Time 

 

 

 

 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

1 722.94 581.97 747.12 641.12 613.18 

2 821.28 651.03 881.25 555.02 701.11 

3 919.30 699.00 712.19 626.07 719.24 

4 1032.11 616.49 759.42 634.40 660.82 
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Appendix 4.8 

Summary of Hierarchical Regression Analysis for Variables Predicting Speed of False 

Responses-Left Ear-Left Hand Condition 

Variable B SE B β 
Step 1    
Birthweight 1.527E-02 .040 .036 
Marital status -13.544 20.914 -.060 
Maternal IQ  2.849 2.599 .133 
Home score -7.075 5.211 -.138 
Mo's education -37.018 24.865 -.156 
Fa's Education 11.399 23.190 .050 
SES .634 1.816 .039 
Step 2    
Birthweight 1.241E-02 .039 .029 
Marital status -15.735 20.291 -.070 
Maternal IQ  3.554 2.532 .141 
Home score -6.041 5.065 -.118 
Mo's education -34.644 24.121 -.146 
Fa's Education 11.043 22.483 .049 
SES .238 1.766 .014 
Cum PbB .522 .240 .261 * 

Note. R2 = .054 for step 1; ∆R2 =.065 for step 2, F(1,211) =8.216, p< .005. 
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Appendix 5.1 
Dichotic Word Lists 

List 29 
Channel 1 Word Type Channel 2 Word type 
1. LOVE NPD WEST NPD 
2. TRIED NPD HEAR NPD 
3. MORE NPD DOOR NPD 
4. BIG NPD DOCK PD 
5. WALL NPD RATE NPD 
6. BOG PD SHORT NPD 
7. LINE NPD LENGH NPD 
8. LATE NPD NOTE             NPD 
9. GREAT NPD DEATH NPD 
10. DOG T SMALL NPD 
11. MAIN NPD PART NPD 
12. FOUND NPD KNOW NPD 
13. SALE NPD DOG T 
14. STREET NPD TRADE NPD 
15. ONE NPD EARTH NPD 
16. SPRING NPD TOG PD 
17. GREEN NPD SIGH (SIZE) NPD 
18. TEN NPD HALF NPD 
19. DOG T FEAR NPD 
20. TOP NPD HOPE NPD 
21. ROOM NPD SENT NPD 
22. FRONT NPD LIST NPD 
23. TOG PD HARD NPD 
24. SOUTH NPD SORT NPD 
25. TERM NPD JOB NPD 
26. MEET NPD DOG T 
27. NECK NPD GIVE NPD 
28. BED NPD EAST NPD 
29. LEAD NPD BOG PD 
30. CAUSE NPD THREE NPD 
31. GOD NPD PRESS NPD 
32. COURE NPD DOG T 
33. FIVE NPD SIDE NPD 
34. CAR NPD VIEW NPD 
35. CHIEF NPD DOCK PD 
36. RUN NPD WHERE NPD 
37. EACH NPD DOG T 
38. WENT NPD ART NPD 
39. HOT NPD FARM NPD 
40. PAST NPD FACT   NPD 
41. STEP NPD DOG T 
42. READ NPD LAST NPD 
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43. STOOD NPD STOP NPD 
44. WROTE NPD VOICE NPD 
45. DUG PD REAL NPD 
46. HIGH NPD THROAT NPD 
47. TRUTH NPD THIRD NPD 
48. JUST NPD SOON NPD 
49. BOG PD LEAVE NPD 
50. NEAR NPD GUN NPD 
51. BRING NPD DUG PD 
52. FULL NPD REST NPD 
53. BILL NPD THING NPD 
54. AID NPD SON NPD 
55. DOG T QUITE NPD 
56. FRIEND NPD MIGHT NPD 
57. DOUBT NPD DOG T 
58. FOOD NPD WHITE NPD 
59. ACT NPD BOARD NPD 
60. MOVE  NPD COURT NPD 
61. KNEW NPD DOG T 
62. FEED NPD FIRST NPD 
63. MIND NPD TOG PD 
64. HERE NPD CHILD NPD 
65. NIGHT NPD CHANT NPD 
66. REAR NPD PIECE NPD 
67. DOG T GAME NPD 
68. SICK NPD PEACE NPD 
69. WHILE NPD RED NPD 
70. HAIR NPD STAYED (STAGE) NPD 
71. DUG PD FACE NPD 
72. CASE NPD SHALL NPD 
73. FORM NPD POINT NPD 
74. DOG T SPACE NPD 
75. TURN NPD FIRE NPD 
76. DOCK PD SAME NPD 
77. MEAN  NPD TRUE NPD 
78. SOUND NPD FORCE NPD 
79. HEAD NPD HOUR NPD 
80. PAIR NPD DOG T 
81. ASK NPD BOTH NPD 
82. HAND NPD STRONG NPD 
83. BOG PD LIFE NPD 
84. LIVE NPD FIELD NPD 
85. GONE NPD TOOK NPD 
86. FINE NPD HORSE NPD 
87. DOG T DEAD NPD 
88. FEET NPD ROAD NPD 
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89. GOOD NPD NORTH NPD 
90. FLOOR NPD BOG PD 
91. STAND NPD MILE NPD 
92. FOUR NPD WIFE NPD 
93. CHARGE NPD GROUND NPD 
94. DOG T FALL NPD 
95. PART NPD BOY NPD 
96. NEED NPD CARE NPD 
97. HIT NPD STOCK NPD 
98. GROUP NPD DUG PD 
99. WRONG NPD SCHOOL NPD 
100. LEFT NPD THINK NPD 
101. DOG T STATE NPD 
102. STREAM NPD START NPD 
103. LEAST NPD TYPE NPD 
104. DOCK PD LIGHT NPD 
105. COME NPD WORK NPD 
106. BEST NPD HOUSE NPD 
107. HELP NPD RIGHT NPD 
108. POEM NPD DOCK PD 
109. DOWN NPD WIDE NPD 
110. SQUARE NPD TOWN NPD 
111. DEAL NPD PROUD NPD 
112. DOG T BORN NPD 
113. HALL NPD SENT NPD 
114. LONG NPD BROWN NPD 
115. WEST NPD WALL NPD 
116. THAT NPD DOG T 
117. HEAR NPD LINE NPD 
118. DOOR NPD GREAT NPD 
119. DOG T DARK NPD 
120. RATE NPD LATE NPD 
121. DOCK PD MONTH NPD 
122. DOCK NPD MAIN NPD 
123. PATH/ 
NOTE(DE/NOTE) 

NPD FOUND NPD 

124. RANGE (RAIN) NPD DOG T 
125. DEATH NPD STREET NPD 
126. PART NPD ONE NPD 
127. TOG PD LARGE NPD 
128. KNOW NPD GREEN NPD 
129. TRADE NPD TEN NPD 
130. YOUNG NPD BOG PD 
131. EARTH NPD TOP NPD 
132. SIZE (SIGH) NPD ROOM  NPD 
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List 30 
 
Channel 1 Word Type Channel 2 Word Type 
1. TOWN NPD SPACE NPD 
2. REST NPD DIG PD 
3. DEARTH NPD MORE NPD 
4. PAIR NPD SCHOOL NPD 
5. STOOD NPD DOB PD 
6. THREE NPD NEED NPD 
7. PEACE NPD NIGHT NPD 
8. BOY NPD TYPE NPD 
9. PRESS NPD DOG T 
10. TRUTH NPD HEART  (PART) NPD 
11. FIELD NPD LEFT NPD 
12. WIDE NPD LOG PD 
13. HARD NPD POINT NPD 
14. MINE NPD HOPE NPD 
15. HALL NPD WORK NPD 
16. DOG T RUN NPD 
17. PROUD NPD CHARGE NPD 
18. GROUP NPD STATE NPD 
19. LOG PD FRIEND NPD 
20. CARE NPD FEET NPD 
21. MOVE NPD STOP NPD 
22. DOG T ACT NPD 
23. HAND NPD BROWN NPD 
24. MEET NPD CAUSE NPD 
25. FRONT NPD DOG T 
26. JOB NPD DARK NPD 
27. BRING NPD YEAR (EAR) NPD 
28. DONG PD STRONG NPD 
29. LEAVE NPD WALL NPD 
30. DEAD NPD DOG T 
31. GREEN NPD YOUNG NPD 
32. LIGHT NPD GOOD NPD 
33. KNOW NPD DONG PD 
34. EAST NPD GOD NPD 
35. BIG NPD FALL NPD 
36. WENT NPD LATE NPD 
37. LINE NPD LOG PD 
38. AID NPD FORM NPD 
39. STAYED NPD GONE NPD 
40. MONDAY NPD DOB G/D:-OB PD 
41. MONDAGE NPD TRIED NPD 
42. QUITE NPD SENT NPD 
43. FEAR NPD DOG T 
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44. TURN NPD HOT NPD 
45. FARM NPD FIVE NPD 
46. DIG PD BILL NPD 
47. FOUR NPD FIRST NPD 
48. GREAT NPD BED NPD 
49. TOP NPD TERM NPD 
50. DOG T CHILD NPD 
51. SORT NPD FIRE NPD 
52. COURSE NPD WHILE NPD 
53. LONG NPD DOG T 
54. HEAD NPD FACT NPD 
55. WHERE NPD POEM (HOME) NPD 
56. KNEW NPD BEST NPD 
57. DOB PD LENGTH NPD 
58. ROAD NPD FEED NPD 
59. HOUR NPD STEP NPD 
60. GIVE NPD SIZE (SIGH) NPD 
61. DIG PD WRONG NPD 
62. GAME NPD FORCE NPD 
63. NOTE NPD DOG T 
64. MAIN NPD EACG NPD 
65. THING NPD SOUTH NPD 
66. SIDE NPD TRADE NPD 
67. DOG T REAL NPD 
68. ART NPD ASK NPD 
69. STAND NPD HAIR NPD 
70. LOG PD THAT NPD 
71. FACE NPD LAST NPD 
72. MILE NPD FULL NPD 
73. DOG T HOUSE NPD 
74. HALF NPD WHITE NPD 
75. GUN NPD CENT NPD 
76. DONG NPD HELP NPD 
77. FINE NPD SPRING NPD 
78. SICK NPD NORTH NPD 
79. DOWN NPD DOG T 
80. REAR NPD PART NPD 
81. CHANT NPD SHALL NPD 
82. RED NPD LEAD NPD 
83. LOG NPD DOOR NPD 
84. SQUARE NPD WEST NPD 
85. TRUE NPD WROTE NPD 
86. LEAST NPD BOARD NPD 
87. DOG T READ NPD 
88. SOON NPD MEAN (MEANS) NPD 
89. THROAT NPD FLOOR NPD 
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90. TEN NPD DOUBT NPD 
91. CAR NPD DOG T 
92. START NPD RIGHT NPD 
93. WIFE NPD EARTH NPD 
94. BORN NPD DIG PD 
95. ONE NPD VIEW NPD 
96. COME NPD DONG PD 
97. BOTH NPD NEXT NPD 
98. CASE NPD DOG T 
99. FOOD NPD HIT NPD 
100. DOG T TOOK NPD 
101. SALE NPD ROOM NPD 
102. STREET NPD HORSE NPD 
103. DOG T PIER (HERE) NPD 
104. LIVE NPD STOCK NPD 
105. DOB PD NEAR NPD 
106. MIGHT NPD RAIN (RANGE) NPD 
107. THIRD NPD JUST NPD 
108. THINK NPD GROUND NPD 
109. DOG T FOUND NPD 
110. VOICE NPD SOUND NPD 
111. LIST NPD LIFE NPD 
112. LARGE NPD HIGHG NPD 
113. LOVE NPD LOG PD 
114. DEAL NPD SON NPD 
115. RATE NPD PAST NPD 
116. SMALL NPD SAME NPD 
117. STREAM NPD DOG T 
118. SPACE NPD THREE NPD 
119. MORE NPD PEACE NPD 
120. SCHOOL NPD BOY NPD 
121. DIG PD SHORT NPD 
122. NEED NPD TRUTH NPD 
123. NIGHT NPD FIELD NPD 
124. TYPE NPD HARD NPD 
125. DOG T CHIEF NPD 
126. HEART 
(PART) 

NPD MIND NPD 

127. LEFT NPD HALL (PAUL) NPD 
128. POINT NPD PROUD NPD 
129. PIECE NPD DIG PD 
130. HOPE NPD GROUP NPD 
131. WORK NPD CARE NPD 
132. CHARGE NPD MOVE NPD 
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List 31 
 
Channel 1 Word Type Channel 2 Word Type 
1. COURT NPD WHERE NPD 
2. STOCK NPD STAYED (STAGE) NPD 
3. WHITE NPD HEAD NPD 
4. TOG PD SOUND NPD 
5. READ NPD GREEN NPD 
6. DARK NPD DOG T 
7. ART NPD RIGHT NPD 
8. LAST NPD WEST NPD 
9. DEATH NPD NEED NPD 
10. DIG PD SIDE NPD 
11. SALE NPD DEAD NPD 
12. SOUTH NPD MEET NPD 
13. CHILD NPD EACH NPD 
14. JUST NPD DOG T 
15. TURN NPD CHANT NPD 
16. COME NPD THREE NPD 
17. DOG T HOT NPD 
18. PART NPD THING NPD 
19. STRONG NPD WENT NPD 
20. START NPD GREAT NPD 
21. BOG PD KNOW NPD 
22. FOUR NPD RAIN (RANGE) NPD 
23. STREAM NPD BOY NPD 
24. LOVE NPD DOG T 
25. VIEW NPD GONE NPD 
26. DOB PD LIST NPD 
27. CARE NPD STOP NPD 
28. NOTE NPD TEN NPD 
29. SOON NPD THIRD NPD 
30. DOG T FEAR NPD 
31. PAST NPD WRONG NPD 
32. WHILE NPD BILL NPD 
33. BORN NPD TOOK NPD 
34. THAT NPD TOG PD 
35. EAST NPD RED NPD 
36. DOOR NPD HORSE NPD 
37. LONG NPD DOG T 
38. MONDLE NPD HOUSE NPD 
39. MONDLE NPD THROAT NPD 
40. NORTH NPD CENT NPD 
41. FOUND NPD DIG PD 
42. STAND NPD THINK NPD 
43. CAUSE NPD REAL NPD 
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44. DOG NPD 
NPD SHORT NPD 

46. RATE NPD DOB 
47. COURSE NPD 

T FINE 
45. BED 

PD 
SPACE NPD 

48. WORK NPD TOG NPD 
49. HOME NPD EARTH NPD 
50. BRING NPD CHIEF 
51. DOG T NPD 
52. STREET NPD 
53. LIFT SICK NPD 

NPD DOG T 
SQUARE NPD 

56. DOG T DOUBT 
57. MAIN NPD 
58. FIRST FOOD NPD 

NPD HEAR NPD 
NPD DOG 

NPD 
BIG 
MORE NPD 

NPD 
54. FACT 
55. FIELD NPD 

NPD 
TRADE NPD 

NPD 
59. ROOM 
60. HALL T 
61. LEAST NPD TRUE NPD 

NPD FULL NPD 
PD DEAL NPD 

64. HAND NPD FORM 
65. GROUND NPD PEACE 
66. DOG T NPD 
67. FEED BOARD NPD 
68. GIVE NPD 

NPD DOB PD 
70. MOVE NPD 

62. FEET 
63. DIG 

NPD 
NPD 

AID 
NPD 
NPD KNEW 

69. GOD 
GUN NPD 

71. WALL NPD TOWN NPD 
72. GOOD NPD TERM NPD 
73. DOG T HALF NPD 
74. LINE NPD HERE NPD 
75. LEAD NPD QUITE NPD 
76. DOB PD LENGTH NPD 
77. FARM NPD LIGHT NPD 
78. BOTH NPD PIECE NPD 
79. DOG T PRESS NPD 
80. SENT NPD SMALL NPD 
81. ONE NPD TRUTH NPD 
82. FRONT NPD CHARGE NPD 
83. BROWN NPD BOG PD 
84. TRIED NPD FALL NPD 
85. DOWN NPD PART NPD 
86. TOP NPD FIVE NPD 
87. LARGE NPD DOB PD 
88. STATE NPD CASE NPD 
89. POINT NPD YOUNG NPD 
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90. FRIEND NPD LATE NPD 
91. DOB PD TYPE NPD 
92. HOUR NPD SHALL NPD 
93. HIT NPD DOG T 
94. MIND NPD SAME NPD 
95. HAIR NPD STEP NPD 
96. GROUP NPD MEANS (MEAN) NPD 
97. DOG T LEFT NPD 
98. STOOD NPD HARD NPD 
99. FORCE NPD BEST NPD 
100. BOG PD WROTE NPD 
101. FLOOR NPD PAIR NPD 
102. RUN NPD HELP NPD 
103. REAR NPD DOG T 
104. MIGHT NPD SCHOOL NPD 
105. ROAD NPD VOICE NPD 
106. FIRE NPD ASK NPD 
107. ACT NPD DIG PD 
108. NIGHT NPD HIGH NPD 
109. PROUD NPD JOB NPD 
110. WIDE NPD SON NPD 
111. REST NPD DOG T 
112. NECK 
(NEXT) 

NPD GAME NPD 

113. LIVE NPD DOG T 
114. WIFE NPD CAR NPD 
115. NEAR NPD HOPE NPD 
116. DIG PD FACE NPD 
117. WHERE NPD READ NPD 
118. STAYED 
(STAGE) 

NPD ART NPD 

119. HEAD NPD LAST NPD 
120. LEAVE NPD BOG PD 
121. GREEN NPD DEATH NPD 
122. RIGHT NPD SALE NPD 
123. DOG T SIZE (SIGH) NPD 
124. WEST NPD SOUTH NPD 
125. NEED NPD CHILD NPD 
126. MILE NPD DIG NPD 
127. DEAD NPD TURN NPD 
128. MEET NPD COME NPD 
129. EACH NPD PART NPD 
130. TOG PD SPRING NPD 
131. CHANT NPD STRONG NPD 
132. THREE NPD START NPD 
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List 32 
 
Channel 1 Word Type Channel 2 Word Type 
1. NOTE NPD CHIEF NPD 
2. WEST NPD TURN NPD 
3. TRUE NPD LIST NPD 
4. DUG PD FIVE NPD 
5. ART NPD REAR NPD 
6. EARTH NPD EAST NPD 
7. SICK NPD HOUR NPD 
8. CARE NPD DOCK PD 
9. DEAD NPD AID NPD 
10. GAME NPD DOG T 
11. THING NPD GONE NPD 
12. LEFT NPD LARGE NPD 
13. HEART NPD THROAT NPD 
14. KNOW NPD DOG T 
15. BEST NPD SPRING NPD 
16. STREET NPD LOVE NPD 
17. POEM NPD DOWN NPD 
18. DOCK PD HAIR NPD 
19. ASK NPD SIDE NPD 
20. GOOD NPD BED NPD 
21. FORCE NPD DOG T 
22. FARM NPD RAIN (RANGE) NPD 
23. BILL NPD WROTE NPD 
24. GUN NPD SIZE (SIGH) NPD 
25. DOG T BOARD NPD 
26. NECK NPD HORSE NPD 
27. DOCK PD GIVE NPD 
28. HALF NPD CHILD NPD 
29. DOG T COURT NPD 
30. LEAD NPD GROUP NPD 
31. TRUTH NPD DOG T 
32. STEP NPD REAL NPD 
33. STOOD NPD NEAR NPD 
34. DOG T HIT NPD 
35. CAUSE NPD HOUSE NPD 
36. RIGHT NPD PART NPD 
37. BORN NPD DOG T 
38. MORE NPD VOICE NPD 
39. NIGHT NPD DOCK PD 
40. HIGH NPD WHITE NPD 
41. MIGHT NPD JUST NPD 
42. TERM NPD STEAM NPD 
43. PROUD NPD DOG T 
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44. REST NPD WALL NPD 
45. THAT NPD FOUR NPD 
46. DOCK PD FACE NPD 
47. READ NPD FRIEND NPD 
48. FLOOR NPD FEET NPD 
49. DOG T LAST NPD 
50. FINE NPD WIDE NPD 
51. LATE NPD MEAN (MEANS) NPD 
52. PAST NPD MOVE NPD 
53. LIFE NPD LOG PD 
54. SMALL NPD TRIED NPD 
55. WHILE NPD STOCK NPD 
56. DOG T SOUND NPD 
57. THINK NPD FIRST NPD 
58. YOUNG NPD SPACE NPD 
59. DONG PD PRESS NPD 
60. FEAR NPD SHALL NPD 
61. THREE NPD FORM NPD 
62. DOG T SALE NPD 
63. HEAR NPD HEAD NPD 
64. KNEW NPD DUG PD 
65. PEACE NPD DARK NPD 
66. HERE NPD SENT (SENSE)  NPD 
67. SAME NPD LONG NPD 
68. DOG T WENT NPD 
69. STOP NPD MIND NPD 
70. VIEW NPD STAND NPD 
71. GENT NPD HOPE NPD 
72. DUG PD TOOK NPD 
73. BOTH NPD LEAST NPD 
74. STATE NPD DOUBT NPD 
75. STAGE 
(STAYED) 

NPD DOG T 

76. ROOM NPD START NPD 
77. TRADE NPD WHERE NPD 
78. MUNT/ 
DHE 

NPD G/ALL (FALL) NPD 

79. MUNT/ 
DHE 

NPD DONG PD 

80. PAIR NPD THIRD NPD 
81. FACT NPD STRONG NPD 
82. LOG NPD ACT NPD 
83. GREAT NPD CASE NPD 
84. FOOD NPD TOWN NPD 
85. SOON NPD GOD NPD 
86. DOG T SON NPD 
87. MEET NPD LENGTH NPD 
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88. FIELD NPD MILE NPD 
89. HOT NPD DOCK NPD 
90. LINE NPD LIGHT NPD 
91. NORTH NPD FULL NPD 
92. DOG T WIFE NPD 
93. SCHOOL NPD CAR NPD 
94. BROWN NPD WORK NPD 
95. DONG PD FIRE NPD 
96. TEN NPD COURSE NPD 
97. SOUTH NPD NEED NPD 
98. LEAVE NPD SORT NPD 
99. HAND NPD DOG T 
100. DEATH NPD DOOR NPD 
101. FRONT NPD RED NPD 
102. DUG PD TOP NPD 
103. MAIN NPD HELP NPD 
104. LOG PD CHANT NPD 
105. ONE NPD GREEN NPD 
106. RATE NPD POINT NPD 
107. WRONG NPD QUITE NPD 
108. BRING NPD DOG T 
109. 
GROUND 

NPD DEAL NPD 

110. LIVE NPD HALL NPD 
111. BIG NPD DOG T 
112. SQUARE NPD BOY NPD 
113. EACH NPD PIECE NPD 
114. JOB NPD TYPE NPD 
115. HARD NPD DUG PD 
116. SHORT NPD FOUND NPD 
117. CHIEF NPD ART NPD 
118. TURN NPD EARTH NPD 
119. DOG T COME NPD 
120. LIST NPD SICK NPD 
121. REAR NPD DEAD NPD 
122. ROAD NPD DONG PD 
123. EAST NPD THING NPD 
124. HOUR NPD LEFT NPD 
125. AID NPD PART (HEART) NPD 
126. FEED NPD LOG PD 
127. GONE NPD BEST NPD 
128. LARGE NPD STREET NPD 
129. CHARGE NPD DUG PD 
130. THROAT NPD POEM (HOME) NPD 
131. SPRING NPD ASK NPD 
132. LOVE NPD GOOD NPD 
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Appendix 5.2 

Means of Target Detection Task According to Quartiles- Target Detection Rate 

(Percentage Correctly Identified) 

 

 

 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

1 41.18 44.56 55.15 60.49 50.35 

2 29.04 42.95 44.71 51.52 42.06 

3 29.19 35.68 39.32 45.14 37.41 

4 24.79 31.37 35.32 37.30 32.20 
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Appendix 5.3 

Summary of Hierarchical Analysis for Variables Predicting Left Ear, Left Hand Target 

Detection - Dichotic. 

 B SE beta t p 

(Constant) 10.962 30.054  .365 .716 

Birth weight 5.029E-03 .003 .114 1.559 .121 

Maternal IQ -.140 .231 -.052 -.608 .544 

Marital status -.687 1.756 -.029 -.391 .696 

School -2.624 2.042 -.107 -1.285 .200 

School 2 1.660 1.971 .068 .842 .401 

Status -.143 .153 -.079 -.935 .351 

Home .676 .415 .131 1.629 .105 

Smoking # -2.167E-03 .446 .000 -.005 .996 

(Constant) 30.370 30.973  .981 .328 

Birth weight 4.916E-03 .003 .112 1.540 .125 

Maternal IQ -.185 .229 -.069 -.810 .419 

Marital status -.647 1.737 -.027 -.372 .710 

School -2.493 2.020 -.102 -1.234 .219 

School 2 1.923 1.953 .078 .985 .326 

Status -.104 .153 -.057 -.678 .499 

Home .585 .413 .114 1.418 .158 

Smoking # -7.828E-02 .442 -.013 -.177 .860 

Adj mean -.741 .332 -.165 -2.230 .027 

Note. R2 = .052 for step 1; ∆R2 =.026 for step 2 (F (1,278) =4.975  ps< .027) 
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Appendix 5.4 

Summary of Hierarchical Analysis for Variables Predicting Left Ear, Right Hand Target 

Detection - Dichotic. 

 B SE beta t p 

(Constant) 8.701 30.115  .289 .773 

Birth weight 4.968E-03 .003 .110 1.536 .126 

Maternal IQ -.245 .231 -.089 -1.061 .290 

Marital status -2.062 1.760 -.085 -1.172 .243 

School -2.876 2.046 -.115 -1.406 .162 

School 2 2.903 1.975 .116 1.470 .143 

Status -.156 .154 -.084 -1.018 .310 

Home 1.105 .416 .209 2.657 .009 

Smoking # .167 .447 .027 .373 .710 

(Constant) 27.682 31.056  .891 .374 

Birth weight 4.857E-03 .003 .108 1.517 .131 

Maternal IQ -.289 .230 -.105 -1.260 .209 

Marital status -2.022 1.742 -.084 -1.161 .247 

School -2.748 2.026 -.110 -1.357 .177 

School 2 3.161 1.959 .126 1.614 .108 

Status -.118 .153 -.063 -.768 .444 

Home 1.016 .414 .193 2.455 .015 

Smoking # 9.210E-02 .444 .015 .208 .836 

Adj mean -.725 .333 -.158 -2.175 .031 

Note. R2 = .095 for step 1; ∆R2 =.023 for step 2 (F (1,278) =4.733  ps< .031) 
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Appendix 5.5 

Summary of Hierarchical Analysis for Variables Predicting Right Ear, Left Hand Target 

Detection - Dichotic. 

 B SE beta t p 

(Constant) 9.085 36.410  .250 .803 

Birth weight 7.234E-04 .004 .014 .185 .853 

Maternal IQ 3.496E-02 .279 .011 .125 .901 

Marital status -2.958 2.128 -.103 -1.390 .166 

School -4.059 2.474 -.137 -1.641 .103 

School 2 3.836 2.388 .129 1.606 .110 

Status -5.305E-02 .186 -.024 -.286 .775 

Home .893 .503 .143 1.776 .077 

Smoking # 5.578E-02 .540 .008 .103 .918 

(Constant) 39.559 37.166  1.064 .289 

Birth weight 5.449E-04 .004 .010 .142 .887 

Maternal IQ -3.592E-02 .275 -.011 -.131 .896 

Marital status -2.893 2.084 -.101 -1.388 .167 

School -3.853 2.424 -.130 -1.589 .114 

School 2 4.250 2.344 .143 1.813 .072 

Status 9.432E-03 .183 .004 .051 .959 

Home .750 .495 .120 1.515 .132 

Smoking # -6.373E-02 .531 -.009 -.120 .905 

Adj mean -1.164 .399 -.214 -2.919 .004 

Note. R2 = .056 for step 1; ∆R2 =.043 for step 2 (F (1,278) =8.519  ps< .004) 
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Appendix 5.6 

Summary of Hierarchical Analysis for Variables Predicting Right Ear, Right Hand Target 

Detection - Dichotic. 

 B SE beta t p 

(Constant) 19.211 35.960  .534 .594 

Birth weight 5.321E-04 .004 .010 .138 .891 

Maternal IQ .135 .276 .042 .487 .627 

Marital status -.865 2.101 -.031 -.412 .681 

School -4.805 2.443 -.166 -1.967 .051 

School 2 1.411 2.359 .049 .598 .551 

Status -5.331E-02 .183 -.025 -.291 .772 

Home .738 .497 .121 1.485 .139 

Smoking # -1.125E-02 .534 -.002 -.021 .983 

(Constant) 54.970 36.343  1.513 .132 

Birth weight 3.227E-04 .004 .006 .086 .931 

Maternal IQ 5.133E-02 .269 .016 .191 .849 

Marital status -.790 2.038 -.028 -.387 .699 

School -4.564 2.371 -.157 -1.925 .056 

School 2 1.896 2.292 .065 .827 .409 

Status 2.000E-02 .179 .009 .112 .911 

Home .570 .484 .093 1.176 .241 

Smoking # -.151 .519 -.021 -292 .771 

Adj mean -1.366 .390 -.257 -3.502 .001 

Note. R2 = .035 for step 1; ∆R2 =.062 for step 2 (F (1,278) =12.266  ps< .001) 
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Appendix 5.7 

Summary of Hierarchical Analysis for Variables Predicting Both Ear, Both Hand Target 

Detection - Dichotic 

 B SE beta t p 

(Constant) 12.709 24.900  .510 .610 

Birth weight 2.611E-03 .003 .071 .976 .330 

Maternal IQ 1.634E-02 .191 .007 .086 .932 

Marital status -1.311 1.455 -.066 -.901 .369 

School -4.162 1.692 -.202 -2.460 .015 

School 2 2.374 1.633 .115 1.453 .148 

Status -.108 .127 -.071 -.854 .394 

Home .741 .344 .171 2.153 .033 

Smoking # 3.764E-02 .369 .007 .102 .919 

(Constant) 38.082 25.122  1.516 .131 

Birth weight 2.462E-03 .003 .066 .951 .343 

Maternal IQ -4.267E-02 .186 -.019 -.230 .819 

Marital status -1.257 1.409 -.063 -.892 .373 

School -3.991 1.639 -.194 -2.436 .016 

School 2 2.718 1.584 .132 1.716 .088 

Status -5.646E-02 .124 -.037 -.456 .649 

Home .621 .335 .143 1.856 .065 

Smoking # -6.187E-02 .359 -.012 -.172 .863 

Adj mean -.969 .270 -.257 -3.595 .000 

Note. R2 = .082 for step 1; ∆R2 =.062 for step 2 (F (1,231) =12.925  ps< .000) 
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Appendix 5.8 

Means of Target Detection Task According to Quartiles- Reaction Time 

 
 
 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

1 925.83 864.03 810.97 808.90 852.43 

2 989.57 831.07 792.46 720.75 833.39 

3 1058.17 931.33 933.50 914.75 959.44 

4 1050.47 1055.57 855.50 838.53 950.02 
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Appendix 5.9 

Means of Noise Detection Task According to Quartiles- Noise Detection Rate (Percentage 

Error Rate) 

 
 
 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

1 11.77 5.88 12.65 6.77 9.27 

2 10.43 8.62 12.14 11.81 10.75 

3 10.81 9.87 14.05 10.00 11.18 

4 6.81 6.06 7.45 5.96 6.57 
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Appendix 5.10 

Means of Noise Detection Task According to Quartiles- Reaction Time 

 
 
 Left ear,  

Left hand 

Left ear, 

Right hand 

Right ear, 

Left hand 

Right ear, 

Right hand 

Both ears, 

Both hands 

1 957.33 898.33 783.33 757.89 847.97 

2 1003.08 1430.58 745.17 1082.92 1065.44 

3 1361.23 1305.00 1161.92 1191.54 1254.92 

4 1133.00 1540.70 1148.30 1748.90 1392.55 
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Appendix 6.1 

Correlation Matrix Between Conner's Teacher Rating Scales and Conner's Parent Rating 

Scales - Boys 

 Conner's Parent Rating Scale 

 Immature 

inattentive 

Impulsive 

Hyperactive 

Conner's Teacher 

Rating Scale 

r 

(p) 

r 

(p) 

   

Immature 

Inattentive 

.45 

(.000) 

.43 

(.000) 

Impulsive 

Hyperactive 

.46 

(.000) 

.42 

(.000) 

 

 378



Appendix 6.2 

Correlation Matrix Between Conner's Teacher Rating Scales and Conner's Parent Rating 

Scales - Girls 

 Conner's Parent Rating Scale 

 Immature 

inattentive 

Impulsive 

Hyperactive 

Conner's Teacher 

Rating Scale 

r 

(p) 

r 

(p) 

   

Immature 

Inattentive 

.47 

(.000) 

.43 

(.000) 

Impulsive 

Hyperactive 

.40 

(.000) 

.35 

(.000) 
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Appendix 6.3 

Summary of Hierarchical Analysis for Variables Predicting Conner's,  

Hyperactive Impulsive Scale 

 B SE beta t p 

(Constant) 12.806 2.663  4.809 .000 

Birth weight 6.01 .000 -.103 -2.366 .018 

Marital status .279 .200 .061 1.391 .165 

Maternal IQ  2.01 .019 -.055 -1.120 .263 

Home  -.114 .035 -.160 -3.286 .001 

Maternal Ed  -.144 .181 -.040 -.793 .428 

Paternal Ed  -.205 .166 -.057 1.238 .216 

Status 1.01 .014 .065 1.311 .190 

Smoking # .102 .042 .106 2.425 .016 

(Constant) 10.028 2.768  3.623 .000 

Birth weight -6.01 .000 -.093 -2.144 .033 

Marital status .251 .198 .055 1.263 .207 

Maternal IQ  -1.01 .019 -.045 -.922 .357 

Home  -9.01 .035 -.138 -2.816 .005 

Maternal Ed  -9.01 .180 -.027 -.551 .582 

Paternal Ed  -.246 .164 -.069 -1.499 .135 

Status 6.01 .015 .022 .436 .663 

Smoking # .109 .042 .144 2.613 .009 

Cum mean PbB .116 .035 .154 3.297 .001 

Note. R2 = 0.132 for step 1; ∆R2 =.020 for step 2 (F (1,483) =10.87  ps = .001) 
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Appendix 6.4 

Summary of Hierarchical Analysis for Variables Predicting Conner's,  

Immature-Inattentive Scale 

 
 B SE beta t p 

(Constant) 6.861 1.838  3.732 .000 

Birth weight -3.01 .000 -.084 -1.871 .062 

Marital status 9.01 .138 .032 .712 .476 

Maternal IQ  -8.01 .013 -.033 -.649 .517 

Home  -6.01 .024 -.143 -2.865 .004 

Maternal Ed  -7.01 .125 -.031 -.602 .547 

Paternal Ed  -3.01 .114 -.014 -.287 .774 

Status 1.01 .010 .067 1.333 .183 

Smoking # 6.01 .029 .093 2.084 .038 

(Constant) 5.086 1.914  2.658 .008 

Birth weight -3.01 .000 -.074 -1.660 .098 

Marital status 8.01 .137 .026 .589 .556 

Maternal IQ  -6.01 .013 -.023 -.465 .644 

Home  -5.01 .024 -.121 -2.426 .016 

Maternal Ed  -4.01 .125 -.019 -.376 .707 

Paternal Ed  -5.01 .114 -.024 -.522 .602 

Status 5.01 .010 .027 .520 .603 

Smoking # 6.01 .029 .100 2.252 .025 

Cum mean PbB 7.01 .024 .146 3.046 .002. 

Note. R2 = ..092 for step 1; ∆R2 =.017 for step 2 (F (1,483) =9.281  ps = .002) 
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Appendix 7.1 

Correlation Matrix for Conner's Parent Rating Scales and  

Speed of Auditory Processing - Target Detection 

 

 

 Conner's Parent Rating Scale 

 Immature 

Inattentive 

Hyperactive 

Impulsive 

 r r 

 (p) (p) 

-.009  .001 Monaural 

Target (.436) (.496) 

 
-.034 -.029 Dichotic 

Target (.265) (.292) 

 
.044   .009 Left Ear, Left 

Hand -Dichotic (.221) (.434) 

 
.048  .109  Right Ear Right 

Hand - Dichotic (.193) (.024) 
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Appendix 7.2 

Correlation Matrix of Conner's Parent Rating Scales and  

Speed of Auditory Processing Error Rate 

 

 

 Conner's Parent Rating Scale 

 Immature 

Inattentive 

Hyperactive 

Impulsive 

 r r 

 (p) (p) 

.016 -.022 Monaural 

Errors (.380) (.337) 

 
.054 .042 Dichotic 

Errors (.163) (.219) 

 
.084 .009 Left Ear, Left 

Hand -Dichotic (.088) (.444) 

 
.062 .042 Right Ear Right 

Hand - Dichotic (.181) (.266) 
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Appendix 7.3 

Correlation Matrix of Conner's Teacher Rating Scales and Speed of Auditory Processing - 

Target Detection 

 

 

 Conner's Teacher Scales 

Listening 

Condition 

Immature 

Inattentive 

Hyperactive 

Impulsive 

 r r 

 (p) (p) 

.009  -.027 Monaural 

Target (.437) (.311) 

 
-.013 -.005 Dichotic 

Target (.407) (.461) 

 
.169  .139  Left Ear, Left 

Hand-Dichotic (.002) (.010) 

 
.034  .040  Right Ear, Right 

Hand - Dichotic (.276) (.246) 

 

 384



Appendix 7.4 

Correlation Matrix of Conner's Teacher Rating Scales and Speed of Auditory Processing - 

Error Rate 

 

 

 Conner's Teacher Scales 

Listening 

Condition 

Immature 

Inattentive 

Hyperactive 

Impulsive 

 r r 

 (p) (p) 

.023 -.007 Monaural 

Errors (.340) (.448) 

 
.086 .036 Dichotic 

Errors (.067) (.263) 

 
.045 Left Ear, Left 

Hand-Dichotic 

-.022 

(.345) (.424) 

 
.235 Right Ear, Right 

Hand - Dichotic (.000) (.089) 

 

 

.094 
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Appendix 8.1 

Hierarchical Regression Model Summaries for Teacher Hyperactive-Impulsive, Immature-

Inattentive and Total Scores (Verbal IQ entered at step 2) 

 

Step R R2 SE R2∆ F∆ Sig 

Immature-Inattentive  

1 .263 .069 4.40 .069 7.96 .000 

2 .362 .131 4.25 .062 53.80 .000 

3 .374 .140 4.24 .009 1.93 .103 

4 .375 .141 4.25 .001 .16 .956 

5 .377 .142 4.25 .001 1.05 .304 

 Hyperactive-Impulsive  

1 .204 .042 3.37 .042 4.67 .000 

2 .268 .072 3.32 .030 24.21 .000 

3 .280 .079 3.32 .007 1.38 .236 

4 .282 .080 3.33 .001 .23 .918 

5 .286 .082 3.33 .002 1.63 .201 

 Total Score   

1 .205 .042 11.48 .042 4.70 .000 

2 .323 .104 11.11 .062 52.40 .000 

3 .332 .110 11.10 .006 1.24 .290 

4 .335 .112 11.12 .002 .35 .844 

5 .335 .112 11.12 .000 .09 .763 
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 Appendix 8.2 

Hierarchical Regression Model Summaries for Teacher Hyperactive-Impulsive, Immature-

Inattentive and Total Scores (Performance IQ entered at step 2) 

 

Step R R2 SE R2∆ F∆ Sig 

Immature-Inattentive  

1 .263 .069 4.40 .069 7.96 .000 

2 .377 .142 4.22 .073 64.12 .000 

3 .394 .155 4.20 .013 2.87 .022 

4 .394 .156 4.21 .000 .077 .989 

5 .396 .157 4.21 .001 1.12 .290 

 Hyperactive-Impulsive  

1 .204 .042 3.37 .042 4.67 .000 

2 .268 .072 3.32 .030 24.36 .000 

3 .285 .081 3.32 .010 1.93 .103 

4 .288 .083 3.32 .001 .26 .901 

5 .291 .085 3.32 .002 1.71 .190 

 Total Score   

1 .205 .042 11.48 .042 4.70 .000 

2 .307 .094 11.17 .052 43.18 .000 

3 .322 .104 11.14 .010 2.04 .087 

4 .324 .105 11.16 .001 .26 .898 

5 .325 .105 11.17 .000 .14 .701 
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 Appendix 8.3 

Hierarchical Regression Model Summaries for Teacher Hyperactive-Impulsive, Immature-

Inattentive and Total Scores (Full Score IQ entered at step 2) 

 

Step R R2 SE R2∆ F∆ Sig 

Immature-Inattentive  

1 .263 .069 4.40 .069 7.96 .000 

2 .392 .154 4.19 .085 75.34 .000 

3 .403 .162 4.18 .009 1.90 .108 

4 .403 .163 4.19 .000 .06 .992 

5 .405 .164 4.19 .001 .86 .353 

 Hyperactive-Impulsive  

1 .204 .042 3.37 .042 4.67 .000 

2 .284 .080 3.31 .039 31.67 .000 

3 .296 .087 3.30 .007 1.43 .222 

4 .298 .089 3.31 .001 .24 .915 

5 .301 .090 3.31 .002 1.48 .224 

 Total Score   

1 .205 .042 11.48 .042 4.70 .000 

2 .339 .115 11.04 .073 61.67 .000 

3 .348 .121 11.03 .006 1.29 .272 

4 .349 .122 11.06 .001 .24 .912 

5 .349 .122 11.06 .000 .05 .815 
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