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A B S T R A C T

Neurobehavioral tests are being increasingly used in human risk assessment and there is a strong need for

guidance. The field of neurobehavioral toxicology has evolved from research which initially focused on

using traditional neuropsychological tests to identify ‘‘abnormal cases’’ to include methods used to detect

sub-clinical deficits, to further incorporate the use of neurosensory assessment, and to expand testing

from occupational populations to vulnerable populations including older adults and children. Even as

exposures in the workplace are reduced, they have been increasing in the environment and research on

exposure has now expanded to cross the entire lifetime. These neurobehavioral methods are applied in

research and the findings used for regulatory purposes to develop preventative action for exposed

populations. This paper reflects a summary of the talks presented at the Neurobehavioral Testing in

Human Risk Assessment symposium presented at the 11th meeting of the International Neurotoxicology

Association.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Neurobehavioral tests are being increasingly used in human
risk assessment and there is a strong need for guidance. Advances
are available regarding the assessment of behavioral and sensory
changes and the statistical treatment of neurobehavioral data. This
paper reflects a summary of the talks presented at the Neurobe-
havioral Testing in Human Risk Assessment symposium presented
at the 11th meeting of the International Neurotoxicology
Association.

The field of neurobehavioral toxicology or behavioral neuro-
toxicology has been rapidly evolving. Since the early research
which focused on using traditional neuropsychological tests to
identify ‘‘abnormal cases’’ (Hänninen, 1966), the field has evolved
to include methods used to detect sub-clinical deficits (Lucchini
et al., 2005), to further incorporate the use of neurosensory
assessment (van Thriel et al., 2007), and to expand testing from
occupational populations to vulnerable populations including
older adults and children (Amler et al., 1994; Weiss, 1990). Even as
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exposures in the workplace are reduced, they have been increasing
in the environment and research on exposure has now expanded to
cross the entire lifetime. These neurobehavioral methods are
applied in research and the findings used for regulatory purposes
to develop preventative action for exposed populations.

Risk assessment can be divided into four separate states: hazard
identification, dose–response assessment, exposure assessment,
and risk characterization (US NAS, 1983). Neurobehavioral
research provides information for the first three steps. The first
summary, ‘‘Does human behavioral neurotoxicology research
address risk assessment needs?’’ evaluates the utility of neurobe-
havioral methods to provide information needed for risk assess-
ment. Risk assessment requires evidence from the scientific
research literature that effect measures, in this case behavioral
changes such as attention or memory loss, are associated with
measures of external and internal dose in a dose-dependent
fashion. Selected literature from 1990 to 2007 was reviewed to
determine if behavioral neurotoxicology research is providing the
data for risk assessment. Another important aspect of risk
assessment is interpreting the findings from a study and defining
the critical adverse effect. The second summary ‘‘Interpretation of
small effect sizes in neurotoxicological studies: characterizing
individual versus population risk,’’ discusses this issue. As
exposures in the workplace have decreased, clinical cases of
neurotoxicity are less common and the concern is identifying
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subtle deficits. Interpreting neurobehavioral findings and their
implication for individual and population risk is discussed.

Developing sensitive methods for detecting adverse effects of
exposure is an important goal of risk assessment. A variety of
metals and solvents are known to affect sensory function such as
vision, hearing and olfactory function. These chemicals irritate the
upper respiratory tract and the eyes and may be sensitive
measures of exposure. Incorporating chemosensory methods
and neurobehavioral methods is a growing area of research and
is described in the summary ‘‘Risk assessment of local irritants—
new challenges for neurobehavioral research.’’

As chemicals in the environment increase there is concern
about the impact of these chemicals on the health and develop-
ment of children. The summary ‘‘Assessment of neurobehavioral
effects in vulnerable populations: the example of pesticide
exposure in children’’ describes methods to assess exposure in
children using exposure to pesticides as an example. The final
summary ‘‘Lifetime exposure to cumulative neurotoxicants: how
to define effective preventive strategies to avoid the risk of long-
term effects’’ discusses the changing world of neurotoxiology
where exposure is not limited to the workplace but is occurring
across the lifespan. The implications of this change and the
implications for risk assessment are discussed.

2. Does human behavioral neurotoxicology research address
risk assessment needs?

Human research in Behavioral Neurotoxicology began, as
Behavioral Toxicology, in the 1960s with the early work by Helena
Hanninen and others at the Finnish Institute of Occupational
Health. Since that time, a large database has accumulated through
cross-sectional research that associates lower behavioral perfor-
mance in people chronically exposed to chemicals when compared
to performance in people who are not exposed to those chemicals.
This is a virtual database, not a physical database, although Anger
and Johnson (1985) and Anger (1990, 2003) have published
summaries of that research that reflects the database at those
points in time. One goal of those summaries was to examine the
virtual database to determine if consistency was emerging. The
conclusion in each case was that there was consistency across
studies of the same functional tests in populations exposed to the
same chemical despite differences in cultural or ethnic background
and language of the tests and instructions. The goal of this paper is
to determine if the data needed for risk assessment was also
emerging from that virtual database.
Table 1
Reference, population studied, statistic used, sample size and metric of exposure for st

Chemical Study (reference) Population studied

Manganese Lucchini et al. (1995) Ferroalloy workers

Manganese Lucchini et al. (1999) Ferroalloy workers

Manganese Mergler et al. (1999) Community residents

Manganese Myers et al. (2003) Smelter workers

Manganese Park et al. (2006) Welders

Manganese Bowler et al. (2007) Welders

Methylmercury Debes et al. (2006) Singleton births in a

seafood-eating population

Methylmercury Weil et al. (2005) Baltimore residents

Methylmercury Auger et al. (2005) Aboriginal fish-eating populati

Methylmercury Yokoo et al. (2003) Native fish-eating population

Methylmercury Grandjean et al. (2003) Native fish-eating population

Methylmercury Cordier et al. (2002) Native fish-eating population

Methylmercury Weihe et al. (2002) Native fish-eating population

Mn manganese; MeHg, methylmercury.
Hazard identification, at least for human research, is typically
established by demonstrating that a group that has been exposed
to a chemical has lower (adverse) performance on a behavioral test
or tests than comparable controls, such as from the same
workplace or town. Most early human behavioral neurotoxicology
studies (1970s, 1980s) did just that, often without measuring the
exposure or an internal biomarker of exposure (Anger, 1990). This
is the background that leads to the question, has recent behavioral
research provided the data for risk assessment?

Dose–response assessment requires associating measures of
external exposure and/or internal dose with behavioral perfor-
mance that are graded with regard to exposure or internal dose. Of
course, the direction of the association must be that higher
exposures are associated with lower (poorer) behavioral perfor-
mance. In the past decade, occupational or dietary exposure to two
chemicals that have been studied intensively, methylmercury and
manganese, were selected for analysis. The research on those
chemicals from 1990 to 2007 was identified through Medline
searches of that time period and the publications were reviewed to
determine if it met the criterion of supplying dose-dependent
evidence of behavioral performance declines for risk assessment.
The results of those studies reporting statistically significant
differences (i.e., reliable positive effects) are reviewed to deter-
mine if the data needed for risk assessment emerges from that
virtual research database. The results are summarized below and
the basic information about each publication is listed in Table 1. In
some cases duplicate reports of the same study were omitted,
though in some cases the same population was re-analyzed but the
second analysis revealed additional information and was thus
included.

2.1. Mercury

The research on human subjects exposed to mercury has been
focused on birth cohorts, singleton births, and community
residents who consume fish, particularly indigenous populations
in disparate, isolated locations.

Cordier et al. (2002) collected hair from mothers and found
correlations between methylmercury and the Stanford–Binet
Copying (visuospatial) test in the offspring. Similarly, Auger
et al. (2005) reported that hair MeHg correlated with tremor
and Yokoo et al. (2003) found hair MeHg correlated with attention,
fine motor performance, and verbal memory, and Weihe et al.
(2005, 2002) found correlations between hair MeHg and global
neurobehavioral deficits.
udies of manganese and methylmercury

Statistic Sample size Metric of exposure

Correlation 58 Blood Mn, airborne

cumulative exposure

Regression 61 Blood Mn, urine Mn,

airborne cumulative exposure

Regression 273 Blood Mn

Regression 509 Airborne exposure

Association 43 Airborne exposure

Correlation 43 Blood Mn, airborne exposure

Regression 860 Cord blood, cord tissue,

maternal hair MeHg

Regression 474 Blood MeHg

on Regression 306 Hair MeHg

Correlation 129 Hair MeHg

Regression 917 Cord blood MeHg

Correlation 378 Hair MeHg

Correlation 43 Hair MeHg
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Cord blood was collected by Grandjean et al. (2003) who
reported correlations with verbal learning and memory perfor-
mance scores. In 2006, Debes et al. reported that cord blood, cord
tissue, and maternal hair MeHg correlated with finger tapping
speed, continuous performance, and cued naming in offspring.
Weil et al. (2005) found blood MeHg correlated with Rey complex
figure delayed recall.

2.2. Manganese

Research on manganese has studied behavioral deficits in a
wide variety of individuals, including community residents,
welders, and workers involved in shipbuilding, electrical work,
ore milling, smelters, ferroalloy processing, foundry, battery, and
agriculture.

External exposure. There are several reports of behavioral test
declines correlated with increased manganese exposure. Lucchini
et al. (1995) reported finger tapping, symbol digit, digit span, and
additions declines associated with external cumulative exposure.
Myers et al. (2003) reported digit-symbol, Luria-N item 1R
performance associated with external exposure. Park et al.
(2006) found an association between exposure and the Rey–
Osterrieth Complex Figure task, a working memory index, Stroop
Color Word, and Auditory Consonant Trigrams. Bowler et al. (2007)
later reported a correlation between exposure and tests of
executive function, memory, sustained concentration and sequen-
cing, verbal learning in the same population.

Internal dose. There are also a number of reports of lower
performance on behavioral tests associated with increased
measures of internal does. Lucchini et al. (1997) reported an
association between blood manganese and aiming. In 1999,
Lucchini followed that up with a report of correlations between
blood manganese and urine manganese with finger tapping,
symbol digit, digit span, and additions. Mergler et al. (1999) found
a correlation between blood manganese and coordinated move-
ments, learning, and recall. Bowler et al. (2007) found a correlation
between blood manganese and measures of executive function,
memory, sustained concentration and sequencing, verbal learning,
cognitive flexibility, visuospatial constructional ability, and visual
contrast sensitivity.

2.3. Conclusion

The case for manganese is strong, certainly stronger than that
for mercury. The weakness of the mercury research is that different
studies employed or found diverse behavioral test results. Though
all correlated with internal exposure in the children or parents of
the children, consistency in findings did not emerge in a
compelling way. Manganese, on the other hand, reveals consistent
functional deficits and specific tests (symbol digit/digit symbol)
correlated with external and internal measures of exposure. It
makes the case clearly that there are dose related behavioral
deficits associated with manganese exposure. Of course, the
mercury exposures may have been relatively closer to the no effect
threshold and manganese exposures were relatively higher above
the no effect threshold, though such comparisons are difficult to
make. The results with mercury, however, reminds the research
community to select a core set of tests as Johnson et al. (1987) and
Iregren and Letz (1991) suggested so many years ago.

3. Interpretation of small effect sizes in neurotoxicological
studies: characterizing individual versus population risk

Risk assessors who rely on epidemiological studies in which
neurobehavioral function are the critical endpoints frequently
must wrestle with the difficult question: When is a neurotoxicant-
associated change in performance large enough to be considered
‘‘important’’ from a public health standpoint? Certainly changes
such as a 2–3 point decrease in IQ for a 10 mg/dL increase in blood
lead (International Programme on Chemical Safety, 1995) or a
decline of 0.1 S.D. in test score for a doubling of cord blood mercury
level (Grandjean et al., 2006a) do not indicate the presence of
disease, per se.

From a purely clinical perspective, such exposure-related
decrements in performance, which usually fall within the standard
error of measurement of the outcome measures, might be
considered unimportant because, even among individuals with
higher exposures, function generally remains ‘‘within normal
limits’’ (Kaufman, 2001), and minor variations ‘‘within normal
limits’’ usually have little or no import with regard to utilization of
health care resources. In this view, the primary goal in selecting
exposure standards should be to prevent impairments that bring
people to medical attention because they meet the diagnostic
criteria for a ‘‘disease.’’

To some extent, the claim that such decrements are trivial
represents a failure to appreciate the critical distinction between
individual and population risk. Issues germane to this claim are
explored in the following sections (see also Bellinger, 2007, 2004).

The first issue pertains to the different metrics used to
characterize individual and population risk. Individual risk, which
is of primary interest to the clinician (and appropriately so, from a
patient’s perspective), captures the likelihood that a specific
individual will become a ‘‘case’’ given a particular characteristic
such as age, gender, blood lead level, or glycemic index. The
appropriate metric, therefore, is the relative risk of disease among
individuals in the stratum of the characteristic to which a patient
belongs.

Population risk, which is of primary interest to the risk assessor,
captures the proportion of cases of a disease within a population
that can be attributed to the characteristic of interest. The
appropriate metric, therefore, takes into account both the relative
risk of individuals within a particular stratum and the proportion
of the population that falls into that stratum. One seemingly
paradoxical implication of this is that, under certain circum-
stances, most cases of a disease will arise from the large portion of
the population that, at the level of the individual, is at relatively
low risk. For example, women older than 44 years of age deliver
infants with Down Syndrome at a rate that is approximately 50
times the rate among women less than 30 years of age (34.6/1000
versus 0.7/1000). However, because of the large differences in birth
rate across age strata, more than 50% of infants with Down
Syndrome are born to women <30 years old and only 2% born to
women >44 years (Alberman and Berry, 1979). A similar
relationship holds between serum cholesterol and the risk of
coronary heart disease. While an individual with a high level is
clearly at increased risk compared to an individual with a low level,
90% of coronary heart disease cases arise among individuals with
levels that place them in the middle portion of the population
distribution and are ‘‘within normal limits’’ by conventional
clinical criteria. The distribution of serum cholesterol levels among
cases of coronary heart disease thus differs very little from the
distribution of levels among individuals who remain disease-free
(Rose, 1985). Although we will be wrong most of the time in
predicting, on the basis of serum cholesterol level, the specific

individuals within a population who will develop coronary heart
disease, we can, with greater confidence, predict that, of two
randomly selected individuals from that population, the one with a
higher serum cholesterol level is more likely to become a case. This
is the basis for the usefulness of clinical risk-stratification
algorithms. These examples illustrate, however, the importance
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of distinguishing between factors that determine individual risk
and factors that determine population risk.

A second dimension of the distinction between individual and
population risk pertains to the fact that, within a population, the
mean value of a health indicator is highly correlated with the
proportion of individuals within that population who meet
diagnostic criteria for the disease that corresponds to the indicator.
Moreover, the slopes of the relationships between indicators and
disease prevalences can be rather steep, which means that a small
difference between the mean values in two populations can be
associated with large differences between populations in case
prevalence. These principles have been demonstrated with regard
to body mass index and obesity, systolic blood pressure and
hypertension, and alcohol intake and alcoholism (Rose and Day,
1990). An important implication is that a modest shift in the mean
value of a health indicator in a particular population might result in
a large change in the proportion of that population who meet
diagnostic criteria for a disease. One can calculate, for example,
that a decrease of 4 mmHg in the mean diastolic blood pressure in a
population would result in a halving of the percentage of
individuals in that population who have a pressure >90 mmHg,
the clinical cut-off defining hypertension. Similarly, the prevalence
of obesity (body mass index >30 kg/m2) could be halved by
reducing mean body weight in the population by 2 kg. The validity
of this theoretical prediction has been confirmed empirically in
prospective studies of changes in risk factor distribution and
disease prevalence (Laaser et al., 2001; Whittington and Huppert,
1996).

These observations are relevant to neurobehavioral toxicology
because they imply that it is not only the small number of
individuals with the highest toxicant biomarker levels that
contribute to the total burden of morbidity associated with
exposure. An important fraction of the morbidity will be
contributed by the much larger proportion of individuals in the
population who have levels in the middle of the distribution.
Therefore, to reduce the total morbidity associated with exposure
to a neurotoxicant, we need to focus on the ‘‘total dose’’ to the
population. This would involve shifting the entire biomarker
distribution in the direction of lower risk, in addition to reducing
the number of individuals in the ‘‘high risk’’ tail. Several studies
demonstrate that a modest neurotoxicant-associated shift in the
mean level of performance, in the adverse direction, results in
surprisingly large increases in the frequency of children who
perform very poorly (e.g. >1 S.D. below the mean), as well as a
surprisingly large reduction in the frequency of children who
perform very well (Jacobson and Jacobson, 1996; McMichael et al.,
1988; Needleman et al., 1982).

Important caveats limit the generality of the conclusion that
reducing the mean biomarker level will produce large benefits at the
population level. The magnitude of the benefits depends strongly on
the shape of the dose–effect relationship between biomarker level
and the risk of disease (Bellinger, 2007). Benefits will be greatest
when the relationship is linear or plateaus only at high biomarker
levels that are rare within the population. The benefits will be less
certain if the relationship is U-shaped (e.g. as with an essential
nutrient, such as manganese, that is neurotoxic in states of both
deficiency and excess) or if risk is relatively stable, increasing only at
high (and rare) biomarker levels. Under the latter circumstances, a
modest reduction in the mean biomarker level might not benefit
population health and, in the case of a U-shaped dose–effect
relationship, might even harm some individuals by reducing their
level into the range in which risk is increased.

In conclusion, it is important to recognize that the challenges
encountered in evaluating the import of neurotoxicant-associated
neurobehavioral changes are not fundamentally different from
those encountered in other areas of chronic disease epidemiology
and can be approached using the same principles. The clinical and
public health (or population) perspectives are complementary
rather than incompatible. Each reflects their respective practi-
tioner’s concerns, i.e., the health of an individual patient and the
health of a population. The small exposure-associated shift in
central tendency that is typically observed is less important as a
measure of the change that can be expected in the health of an
individual within the study sample than it is as an indicator of
what is likely to be happening to the population from which the
study sample was drawn and of which it is, hopefully,
representative.

That the mean shift observed in a health indicator is within the
standard error of measurement (S.E.M.) of the test instrument used
is sometimes interpreted as an indication that the change in
performance is ‘‘in the noise’’ of measurement and therefore trivial.
The concept of the S.E.M. this is not germane, however, to an
evaluation of the potential impact of the exposure on the population.
Under some circumstances, a small shift in the mean indicates that
individuals in the population have crossed the not-so-bright line
separating ‘‘within normal limits’’ from ‘‘disease’’ and now fulfill
diagnostic criteria for ‘‘disease.’’ Cases of frank disease are often
relatively rare, however. Due to limitations in statistical power, we
are generally unable to detect significant increases in disease
frequency using the sample sizes typical of epidemiological studies.
Were resources available to study 20,000 individuals instead of 200,
the principles described here suggest that we would see that a
modest exposure-associated shift in the mean score on a neurobe-
havioral test is accompanied by a significant increase in the
prevalence of individuals who meet diagnostic criteria for cate-
gorically defined neurobehavioral disorders, such as ADHD or
learning disability. If this result is of interest to one with a clinical
perspective, so, too, should a modest shift in the mean value of the
health index that serves as the basis of case definition.

4. Risk assessment of local irritants: new challenges for
neurobehavioral research

4.1. Sensitive endpoints in risk assessment

One crucial task during risk assessment is the identification of
the most sensitive toxicological endpoint. Among these endpoint
points are central nervous system (CNS) effects, including
neurotoxic effects, irritation, or liver or kidney effects (ACGIH,
2007). Within the framework of risk assessment for safety and
health in the work environment, neurobehavioral researchers
discovered that large proportions of occupational exposure limits
(OELs) were set to avoid irritation (Dick and Ahlers, 1998; Edling
and Lundberg, 2000). The term irritation refers to interactions of
chemicals with physiological structures and sensory pathways of
the upper respiratory tract and the eyes. The group of chemicals
eliciting such effects is called local irritants (van Thriel et al., 2006).
Physiologically, the local effects in the respiratory tract can be,
amongst others, described as oedema/hyperaemia, influx of
inflammatory cells, airway epithelial changes, fibrosis and changes
in lung function (Arts et al., 2006). Regarding the initially described
problem of risk assessors to identify the most sensitive toxicolo-
gical endpoint, Arts et al. (2006) suggested that local effects were
often seen at concentrations lower than that of systemic effects
(e.g. neurotoxic effects). In a simplified dose–effect relationship it
has been assumed (Johanson, 2001) that the critical effect irritation
occurs at lower doses/exposures than symptoms like dizziness or
unconsciousness that are indicators of acute and severe neurotoxic
effects. Thus, by setting an OEL to avoid irritation, workers might
be protected from other, more severe health effects.
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4.2. Local irritants—perception and valid assessment for risk

assessment

When using human data in risk assessment procedures for local
irritants one has to bear in mind that sensory irritation is no
‘‘silent’’ effect. Two sensory pathways, the olfactory nerve which
gives rise to the sensation of odor, and the trigeminal, glossophar-
yngeal or vagal nerves which give rise to temporary burning,
stinging, tingling or painful sensation innervates the conjunctiva of
the eyes and the mucosa of the upper respiratory tract (Dalton,
2002). The latter sensations can be considered as perceptional
representation of early stages of the aforementioned physiological/
pathophysiological responses to local irritants. Thereby, sensations
caused by local irritants alert us to injury (Julius and Basbaum,
2001) and triggers protective responses like secretion, alterations
in mucociliary clearance, and alternation of breathing (Shuster-
man, 2007). Among risk assessors there is almost no doubt that
reports of burning, stinging, tingling or painful sensation combined
with even slight physiological dysregulations (e.g. increasing eye
blink rate) refer to the onset of an adverse health effect (van Thriel
et al., 2006). The combined assessment of (a) trigeminal-mediated
sensations and (b) the underlying physiological responses (e.g.
neurogenic inflammation) is possible and several validated
methods have been suggested (Doty et al., 2004).

4.3. Adversity of odor effects

Physiological measures indicating early stages of pathophy-
siology are not at hand for olfactory mediated effects. With respect
to adverse effects, or ‘‘adversity,’’ the evaluation of odor effects is
aptly reflected in the statement that ‘‘. . .odor may annoy, irritation
may become a symptom and may in some cases reach the point of a
clinical sign’’ (Cometto-Muniz et al., 1998). In contrast, several
risk-assessing authorities consider undue annoyance or nuisance
caused by unpleasant/nauseating odors or mild irritation relevant
for OEL setting (ACGIH, 2007; DFG, 2007). This concern is based on
the assumption that malodors might affect well-being and
behavior of the exposed workers. In their review Dick and Ahlers
(1998) suggested that malodorous chemicals might be able to
interfere negatively with work performance. Even though there is
no clear empirical evidence one underlying hypothesis could be
that malodors might elicit an automatic call for attentional
resources to evaluate or re-evaluate (e.g. during exposure peaks)
the chemical working environment (van Thriel et al., 2007).
Scientifically, this postulation is reflected and conceptualized in
models of cross-modal attention capture as discussed in cognitive
neuroscience (Spence, 2001, 2002). Such a mechanism of turning
attention towards significant stimuli across different modalities is
needed to be aware of novel or threatening events from the
environment and to neglect other stimuli irrespectively of the
current attentional focus of the organism. Malodors are biologi-
cally significant signals in our environment indicating potential
health hazards (e.g. intoxication). They have to be attended and, if
evaluated as dangerous, avoided (Amoore and Hautala, 1983). In
consequence of an involuntary reorientation towards the source of
the malodor (e.g. leakage of solvents from their bins) exposed
workers might bear a higher risk for performance errors in their
ongoing tasks (e.g. operating a machine). As worst case of such
interfering effects, workers exposed to malodorous substances
might be at higher risks for accidents at work. A recent EU-151

survey showed that workers handling dangerous substances for at
least half of their time at work have been absent due to accidents at
1 Refers to the 15 countries in the European Union before the expansion on 1 May

2004.
work more often (12%) than those handling chemicals less often
(5%) (European Communities, 2004). Even though this statistical
observation is no causative proof of interfering effects of malodors
on behavior it might be a subtle hint supporting the concerns of
risk assessors about the adversity of malodorous chemicals.

Other examples of indirect mechanisms exacerbating odor
effects are: sensory cueing of stress-related illness by odors
(Nielsen et al., 2007), aversive conditioning using odor as
conditioned stimulus for avoidance behavior, or hyperventilation
in response to odors (Shusterman, 2002). These secondary effects
of odors on health and well-being might also be reflected in
behavior (e.g. sick leave, reduced performance). If the behavior of
an organism is considered to be a measure of the well-being of that
organism (McMillan, 1998), reduced performance in cognitive
functioning that is necessary to perform adequately in the working
environment could be used as indication for undue odor
annoyance during exposures to malodors.

4.4. Odors and performance

There is little scientific knowledge about the impact of odors on
cognitive performance in humans. This lack of information covers
both the general environment and the work environment where
hazardous chemicals are handled. No epidemiological data from
the working environment is available and there are just a few
experimental studies reporting impaired task performance during
controlled exposures to workplace chemicals (Osterberg et al.,
2004, 2003; van Thriel et al., 2003, 2007). Without going into
details, these studies showed that during exposure to malodorous
chemicals (e.g. toluene, 1-octanol), a subgroup of subjects that
consider themselves chemically sensitive, performed poorer on
some neuropsychological tests of attention than those volunteers
not reporting chemical sensitivity. In three studies (Osterberg
et al., 2004, 2003; van Thriel et al., 2003) the sensitive subjects also
reported stronger odor annoyance and their ‘‘impaired perfor-
mance’’ might be a behavioral reflection of reduced well-being
(McMillan, 1998). Since not all volunteers of these studies
responded behaviorally to the odors the general impact on
behavioral parameters of neuropsychological tests (e.g. error rates,
reaction times) could not be confirmed. Furthermore, not all of the
tests that were conducted in the aforementioned experiments
showed this ‘‘odor-mediated behavioral impairment’’ and it
remains a matter of debate whether some neuropsychological
functions (e.g. divided attention, psychomotor speed) are more
vulnerable than others.

In contrast to these deteriorating effects of odors on some
aspects of cognitive performance other studies reported ameli-
orative odor effects. In contrast to their performance in a non-
odorous environment, subjects had a reduced number of errors in a
vibrotactile discrimination task when exposed to peppermint odor
(Ho and Spence, 2005). This reduction of error rates was related to
task difficulty only for incompatible trials of the task this
performance improvement occurred. Another experiment showed
that pleasant and unpleasant odors improved the performance in a
simple reaction time task but not in a more complex response
inhibition task (Millot et al., 2002). Similar to the studies
investigating chemicals from the working environment, not all
performance tests were equally affected and thus it remains
unclear how odors can interfere with performance. When
interpreting their results the authors of both studies argued that
the investigated odors might act by arousing the organism, thus
enabling it to respond faster and more accurately.

However, if one wants to use neurobehavioral parameters to
identify undue annoyance more research and conceptualization is
needed. This conceptualization should consider neuroanatomical
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knowledge about the processing of odors in the CNS. From animal
studies it is known that amongst others, the orbitofrontal cortex
(OFC) and the amygdala are involved in the integration of sensory
information from the different modalities (Rolls, 2004). Both areas
are also involved in the evaluation of odors (de Araujo et al., 2005)
and cognitive functions also relying on these structures may be
candidate behavioral measures of undue odor annoyance. Research
in cognitive neuroscience showed that ‘‘executive functions’’,
referring to self-initiated coordination and control of cognitive
operations (Logan, 1985), are partly relying on cortico-subcortical
circuits including the lateral OFC (Heyder et al., 2004). Dysfunc-
tions of these cortico-subcortical circuits result in deficits of
cognitive functions like divided attention, set shifting, and
inhibition of automatic or primed responses (Heyder et al.,
2004). Accordingly, neuropsychological tests assessing these
functions should be recommended for further experiments
searching for behavioral effects of exposures to malodors. A
validated assessment tool for such functions coming from
neurobehavioral toxicology is the widely used Behavioral Assess-
ment and Research System (BARS; Rohlman et al., 2003). Some of
the included tests, like ‘Reversal Learning’ or ‘Oregon Dual Task
Procedure’, are capable to measure such ‘‘executive functions’’.
Moreover, neuropsychological tests developed to examine such
specific components of cognition are included in standardized,
computerized neuropsychological test batteries like the Cam-
bridge Neuropsychological Test Automated Battery (CANTAB;
Robbins et al., 1998). Such tests can be easily adapted for
experimental studies investigating distractive odor effects.

Local irritants, and especially those accompanied by an
obnoxious odor in lower concentrations, are an important and
challenging class of chemicals to both neurobehavioral researchers
and risk assessors. In order to support risk assessors in their need
for additional evidence that odor effects might become adverse,
neurobehavioral researchers should provide the required scientific
knowledge and adopt the existing neurobehavioral tools and
methods to tackle this new challenge.

5. Assessment of neurobehavioral effects in vulnerable
populations: the example of pesticide exposure in children

The developing nervous system is vulnerable to chemical
exposures. In light of the increasing prevalence of developmental
disabilities, there is concern about the impact of chemicals on
neurodevelopment. Children are exposed to chemicals through the
air they breathe, the food they eat and the water they drink (CDC,
2003). The majority of these chemicals are not evaluated for their
potential toxicity, effects on development, or interactive effects
with other chemicals, prior to commercial introduction (Goldman
and Koduru, 2000; U.S. Environmental Protection Agency, 1998).
Although the link between high exposures to neurotoxic chemicals
and damage to the nervous system is well established, research has
also shown a link between low exposures and sub-clinical deficits.
Identifying and characterizing the impact of chemicals on the
developing brain allows us to develop programs to prevent
exposure. Methods used to evaluate neurobehavioral functioning
in vulnerable populations are described using organophosphate
pesticide exposure in children as an example.

Organophosphorous pesticides (OPs) are currently the most
commonly utilized pesticides in the world, consisting of nearly 40
different chemical members registered by the US-EPA (www.e-
pa.gov). About 73 million pounds of OP pesticides were used in the
United States in 2001 (70% of all insecticides) (Kiely, 2004).
Children of agricultural workers may have a higher risk of exposure
to pesticides compared to the general populations because of the
close proximity of their homes to the fields where pesticides are
applied and from take-home exposure (Fenske et al., 2002;
Loewenherz et al., 1997). Although pesticide metabolite levels
were not significantly increased in spouses and children living on a
farm during pesticide applications, children who had contact or
were observing the mixing or application had higher metabolite
levels than those who were out of the area when pesticides were
mixed or applied (Acquavella et al., 2005; Alexander et al., 2007).
While information is available on the impact of acute exposure in
adults and occupational exposure, little information is available
examining the impact of exposures in children.

Behavioral performance tests have been used to assess work-
place exposure and have become the most efficient methods (in
terms of cost and time) to screen for adverse effects of neurotoxic
exposures in adult workers (Anger, 2003). The heightened concern
over the potential impact of environmental exposures on
neurological functioning in children has led to the development
of neurobehavioral test batteries for use with children (e.g. Amler
and Gibertini, 1996). Children from all cultures and backgrounds
are at risk. However, ethnic minorities and children from low-
income families are often at greater risk because of poor nutrition,
an impoverished environment, and limited access to medical care.
There is a need for reliable, easy-to-administer batteries to assess
neurotoxic exposure in children.

Unlike adult neurobehavioral testing, in which a number of
tests batteries have been developed (Anger, 2003), there have been
very few attempts to develop specific neurobehavioral batteries for
children. The Pediatric Environmental Neurobehavioral Test
Battery or PENTB (Amler and Gibertini, 1996) is a consensus test
battery developed to assess possible neurotoxic effects in children
living near hazardous waste sites. It combines observational
measures and questionnaires for very young children with
performance measures that are introduced for preschool children.
Although it was first introduced in 1996 it has not been widely
used. Another approach is to adapt the tests that have detected
neurotoxic effects in adults for similar studies in children. This is an
appealing choice because they have a proven ability to detect
chemical exposure effects and they may allow comparisons across
ages. Computer-based tests may easily be adapted for use with
children (Dahl et al., 1996; Otto et al., 1996; Rohlman et al., 2001b).

To evaluate pesticide exposure in a Latino farmworker
population in the US, we developed a battery for preschool and
school-age children. The goal was to develop a battery for young
children that included measures that had demonstrated sensitivity
to organophosphate pesticide exposure and, because of the
unknown nature of effects of organophosphate pesticides in
children, to assess a wide range of neurobehavioral functions. The
battery was assembled by combining computerized tests from the
Behavioral Assessment and Research System (BARS), performance
tests adapted from the Pediatric Environmental Test Battery
(PENTB), and a test of recall and recognition (Rohlman et al., 2000,
2001b). The current battery has been validated in several cultures
and socio-economic status classes, with only minor modifications
needed (Chiodo et al., 2006; Eckerman et al., 2006; Rohlman et al.,
2008). Performance tests from the BARS have been used in several
studies examining pesticide exposure in children and adolescents
(Eckerman et al., 2006; Rohlman et al., 2001a, 2007b, 2005). During
adolescence, children often are working in agriculture and are
occupationally exposed to pesticides. In order to characterize the
impact of neurotoxic exposure on children from diverse popula-
tions, the ability to generalize neurobehavioral results by using this
type of battery is crucial.

To assess risk to children it is necessary to associate measures of
exposure with adverse outcomes, establishing a dose–response
relationship. Studies examining pesticide exposure in children
have used a variety of methods to classify exposure including

http://www.epa.gov/
http://www.epa.gov/


Table 2
Description of studies examining pesticide exposure and performance in children

Exposure type Population Exposure measures Outcome measures Significant findings

Willis et al. (1993) Prenatal Infants and mothers (primarily Hispanic) in US Maternal ChE, Questionnaire Fetal growtha, gestational duration No association

Dabrowski et al. (2003) Prenatal Infants and mothers in Central Poland Questionnaire of maternal

exposure during pregnancy

Fetal growth, gestational duration Lower birth weight, shorter

gestational duration

Berkowitz et al. (2003) Prenatal Infants from multiethnic cohort of women

in New York City

Questionnaire, Urinary

metabolites, Cord blood

Fetal growth, gestational duration Decrease in head circumference

associated with maternal PON1

Perera et al. (2004) Prenatal Infants from a cohort of minority (African American

and Dominican) mothers in NY City (CCCEH)b

Maternal blood, Cord blood

Maternal personal air samples

Fetal growth Decreased birth weight and length

Eskenazi et al. (2004) Prenatal Infants from Latina women in agricultural

communities in CA (CHAMACOS)c

OP metabolites in maternal urine,

ChE maternal and Cord blood

Fetal growth, gestational duration Shortened gestational duration,

no adverse association with fetal

growth measuresd

Whyatt et al. (2004) Prenatal Infants from a cohort of minority (African American

and Dominican) mothers in NY City (CCCEH)

Maternal blood, Cord blood, Maternal

personal air samples

Fetal growth, gestational duration Decreased birth weight and length

Young et al. (2004) Prenatal Infants (<2 months) from Latina women

in agricultural communities (CHAMACOS)

Maternal DAP metabolites BNBASe Increased abnormal infant reflexes

Eskenazi et al. (2007) Prenatal/

current

Infants (at 6, 12 and 24 months) from Latina

women in agricultural communities (CHAMACOS)

Maternal and child DAP metabolites

and OP metabolites in urine

Bayleyf, Child Behavior Checklist (CBCL) At 24 months: Bayley MDIg Risk of

Pervasive Developmental Disorder

Rauh et al. (2006) Prenatal Children (12, 24, and 36 months) from a

cohort of minority (African American and

Dominican) mothers in NY City (CCCEH)

Chlorpyrifos levels in cord blood Bayleyf Child Behavior Checklist (CBCL) At 36 months: decreased Bayley

scores (PDI and MDI); increased

attention, ADHD, and pervasive

developmental disorder problems

Handal et al. (2007) Chronic Children (3–61 months) in Ecuador Community of residenceh Growth Measurement Ages and Stages

Questionnaire (ASQ)

Deficits on gross and fine motor and

socioindividual skills

Guillette et al. (1998) Chronic Preschool children (4–5 years) in Mexico Community of residencei Growth and development battery Deficits in coordination, stamina,

memory, figure drawing

Rohlman et al. (2005) Chronic Preschool children (5–6 years) in US Parental occupationj Neurobehavioral Battery: BARSk Deficits on response speed and

coordination and longer test

completion times

Ruckart et al. (2004) Acute School-age children in Mississippi and Ohio Methyl parathion exposure

(wipe samples and metabolite levels)

PENTBl Parent questionnaires Difficulty in tasks involving STM

and attention

Grandjean and

Landrigan (2006)

Prenatal School-age children (�9 years) in Ecuador Maternal occupation during pregnancy,

ChE, Urinary metabolites

Neurobehavioral Batterym

Medical Exam

Deficits on visuospatial and response

speed; increased metabolites

associated with reaction time deficits

Kofman et al. (2006) Acute School-age children (6–12 years) in Israel OP poisoned during infancy vs. kerosene

poisoned vs. matched controls

Neuropsychological Batteryn Deficits on long-term memory,

learning, inhibitory motor control

Eckerman et al. (2006) Chronic Adolescents (10–18 years) in Brazil N = 38

rural and N = 28 urban

Occupational exposure (living

and working on a farm vs.

controls) Exposure Index

Neurobehavioral Battery: BARS Deficits on response speed, coordination,

attention, complex functioning

Rohlman et al. (2001a) Chronic Adolescents (13–18 years) in US Occupational exposure Neurobehavioral Battery: BARS Deficits on response speed, attention,

complex functioning

Rohlman et al. (2007b) Chronic Adolescents (13–18 years) and adults in US Occupational exposure Neurobehavioral Battery: BARS Deficits on attention, response speed,

complex function, visual memory

a Fetal growth includes birth weight and length and head circumference.
b Columbia Center for Children’s Environmental Health (CCCEH).
c Center for the Health and Assessment of Mothers and Children of Salinas (CHAMACOS).
d Increases in body length and head circumference were associated with some exposure measures.
e Brazelton Neonatal Behavior Assessment Scale (BNBAS).
f Bayley Scales of Infant Development (Bayley) include Mental Development (MDI) and Psychomotor Development (PDI) indices.
g Prenatal DAP metabolites were negatively associated with Bayley MDI however, Child DAP metabolites were positively associated with Bayley MDI.
h Exposed children were from communities with a high potential for exposure to OP pesticides and carbamates and control children were from communities with a low potential for exposure.
i Exposed children were from an agricultural community in the Yaqui Valley where pesticides are applied. The Control children are from the foothills where pesticides are not applied.
j Children whose parents worked in agricultural were compared to children whose parents do not work in agriculture.
k Behavioral Assessment and Research System (BARS).
l Pediatric Environmental Neurobehavioral Test Battery (PENTB) includes Visual Motor Integration, Kaufman Brief Intelligent test, Purdue Pegboard, Story Memory, Trail Making, and Verbal Cancellation.
m Includes tests of simple reaction time, Santa Ana Pegboard, Stanford Binet copying, and Digit Span forward.
n Includes tests of long-term verbal memory, Digit Span, Inhibitory control/motor inhibition (Statue and Knock tests from the NEPSY), and Corsi block test.
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environmental monitoring (indoor air, dust samples, surface
wipes), maternal and child exposure measures (urinary metabo-
lites, acetyl cholinesterase level) and pesticide source information
(pesticide use, home inventory, proximity to agricultural field,
parent’s occupations). Pesticide source information often relies on
self-report and the link between these classifications and actual
exposure is often unknown and the amount if exposure in any
given population may vary considerably (McCauley et al., 2006).
These variations in exposure classifications may be responsible for
inconsistencies found among studies (Alavanja et al., 2004).
Several studies have examined pesticide exposure in children,
however, the findings for these studies vary across the different
populations. The children studied range from infants to adoles-
cents, with varying exposures to pesticides, including prenatal
exposure, acute poisoning incidents or chronic exposure across the
lifespan (See Table 1; Dabrowski et al., 2003; Eckerman et al., 2006;
Eskenazi et al., 2004, 2007; Grandjean et al., 2006b; Handal et al.,
2007; Kofman et al., 2006; Perera et al., 2004; Rauh et al., 2006;
Rohlman et al., 2001a, 2007b, 2005; Ruckart et al., 2004; Whyatt
et al., 2004; Young et al., 2004). The methods used to assess
development and performance and to measure exposure also
varied across studies. Although there are inconsistencies across the
studies, the evidence suggests that there are performance deficits
associated with exposure and an increase in the reporting of
developmental and behavioral problems associated with exposure
(Table 2).

Because a variety of factors can influence the association
between exposure and a neurotoxicant it is important to include
measurement of these factors as part of the study (Jacobson and
Jacobson, 2005). Demographic variables are known to impact
performance on neurobehavioral tests in adults and children
(Anger et al., 1997; Rohlman et al., 2007a) but other influences also
need to be considered. These include, but are not limited to,
exposure to other toxicants, prenatal influences, nutrition, genetic
predisposition and socio-environmental influences throughout the
child’s lifetime (Dietrich and Bellinger, 1994; Jacobson and
Jacobson, 2005; Weiss and Bellinger, 2006). These variables impact
performance on neurobehavioral tests and if they are included, are
typically treated as covariates or confounders in the studies.
However, while this approach is commonly used, it fails to
examine the impact of the joint contributions of the factors that
impact development and influence exposure (Weiss and Bellinger,
2006). Simply controlling for covariates and confounders in order
to examine the impact of a neurotoxicant on performance does not
recognize that most adverse effects involve a combination of
factors. Although there has been an increase in the inclusion of
these factors in research, more work is needed to ensure we are
accurately measuring the early social environment of the child and
its impact and interaction with the environment and genetic
predisposition of the child.

There is also a need for prospective studies to assess
developmental effects across time. Because of the rapid growth
and development of the child, there is a need for longitudinal
studies to assess changes over time. Furthermore, functional
effects of early exposure may not become apparent until later in
life (Jacobson and Jacobson, 2005).

Children can be at higher risk to exposures to some environ-
mental contaminants. Neurobehavioral assessment in children can
be a useful tool to assess risk to children. Standardized methods are
necessary to allow accurate interpretation of the data, but it is also
important to consider other modifiers of performance. As
pesticides are used around the world, cross-cultural methods will
allow comparisons across studies. Replication is important to
confirm the validity of findings. Studies from the animal literature
provide valuable information for risk assessment because of their
ability to control for confounders and to examine the mechanism
of exposure. Studies with children provide information about the
cognitive and behavioral endpoints that are impacted by exposure
and the doses at which adverse effects are seen (Jacobson and
Jacobson, 2005).

6. Lifetime exposure to cumulative neurotoxicants: how to
define effective preventive strategies to avoid the risk of
long-term effects

Unfortunately, exposure to neurotoxic agents is becoming a
more frequent and common event in the workplace and in the
general environment. This is mainly due to several factors such as
the increasing growth of the chemical industry worldwide (RNCOS,
2007), the multiple use of chemicals in various industries and the
fact that the already large number of neurotoxic substances
(Lucchini et al., 2005) is constantly increasing with newly
generated compounds that are needed for a rapidly changing
market. It is also evident in the field of neurotoxicology that
exposure scenarios are evolving quickly in terms of intensity, but
also in terms of spatial and temporal dimensions, leading towards
the condition of ‘‘lifetime’’ exposure in the population. This can be
particularly dangerous, especially when dealing with substances
that besides acute toxicity, are able to accumulate in the body and
cause long-term cumulative effects. Exposure intensity of the most
well-known neurotoxicants has markedly decreased in the work-
place, especially in the developed world, and positive signs of
improvement are also showing in developing countries. Awareness
programs such as the one on mercury toxicity by UNEP (2005) have
favored the adoption of preventive actions. This improvement is
well documented for traditionally known agents such as lead,
mercury, manganese, aluminum, toluene, xylene, styrene, acryla-
mide, ethylene oxide, and others. Nevertheless, new substances
and compounds are constantly being introduced, with limited
toxicological knowledge. At the same time, exposure is no longer
confined in the workplace, but is rapidly expanding to the general
environment. Due to the active transportation of ultra fine
particles by winds, exposure levels can also increase at a
considerable distance from the point sources, as shown by the
presence of various contaminants in the Artic that have been
originated by industrial and agricultural activities (Macdonald
et al., 2000). Contamination of soil and water from industrial
emission and wastes and from pesticide application favors the
entrance of neurotoxicants in the food chain through crops, fish
and drinking water. Therefore, dietary exposure represents an
additional carrier of neurotoxicants regardless of the distance from
the contamination and exposure sources.

Finally, the temporal dimension is gaining more and more
importance in the neurotoxicological context due to the combina-
tion of different aspects: (a) the constant increase of average life
expectancy and working life, and (b) the presence of pre- and
postnatal exposure. The combination of these conditions is of
particular concern because in addition to increasing the total
duration of exposure through the lifetime, it introduces the
importance of ‘‘when’’ exposure takes place in life, which can be a
critical parameter. From embryonic development through infancy,
puberty, adulthood, and old age, the human body faces critical
stages. The same exposure dose can cause different neurotoxic
effects according to relative conditions of hypersensitivity (Fig. 1).
Pre- and postnatal exposure is particularly dangerous in this
context, due to the high vulnerability of the developing brain to
neurotoxicants (Grandjean et al., 2007) whose hazardous proper-
ties are largely unknown and underestimated (Grandjean and
Landrigan, 2006).



Fig. 1. Exposure to neurotoxicants through lifetime with the different exposure

routes in the first row, the different developmental stages in the second row, and

the critical conditions in the third row.
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The concepts from above imply that exposure is changing very
rapidly. More consideration has always been given to exposure
intensity as expressed by the dose concept. It started in the Middle
Age with Paracelsus, and continues today with modern occupa-
tional and environmental toxicology that have developed a
consolidated knowledge in environmental measures and biological
monitoring as a suitable basis for exposure assessment. Safe
exposure levels have been identified in risk assessment as mainly
based on current exposure dose and intensity.

Therefore, due to the changes in exposure scenarios and the
importance of cumulative rather then acute or subacute manifes-
tiations of neurotoxicity, a different approach is now required. In
fact, according to Haber’s Law, exposure is the product of intensity
and duration and the final product does not change when intensity
decreases and duration increases. Therefore, the final outcomes of
health effects may remain as an uncontrolled risk if preventive
measures are not undertaken correctly. Uncontrolled exposure to
various neurotoxicants, beginning during fetal life and continuing
through infancy, puberty, and adult life with eventual occupational
exposure, may likely pose a high risk for long-term neurodegen-
erative effects in the population. Very recent estimates predict an
astonishing tendency towards an increase of neurologic diseases in
the coming years, and not only for the elderly uncontrolled (Albert,
2007). Consequently, the trend may not only relate to the
increasingly aged population per se, but also to the exposure to
neurotoxicants. Parkinson Disease is estimated to increase
substantially and primarily in those countries with poorly
controlled exposure conditions, for example China, India, Brazil,
and Bangladesh (Dorsey et al., 2005). An important part of this
increase may likely be caused by lifetime exposure to neurotox-
icants.

Unfortunately, regulatory agencies are not addressing the
issues in a proper way, since the procedure for the definition of
preventive policies is often too slow, in some cases inadequate
(Silbergeld and Weaver, 2007), and rarely aimed to protect
individuals from lifetime exposure. Regulatory bodies should
proceed with a more timely oriented agenda in the definition of
protective standards for the newly produced compounds and also
with a more frequent re-evaluation of already defined safe
exposure levels. This is made possible today by a constantly
increasing scientific production in the area of neurotoxicology
(Lucchini et al., 2005), and to the availability of reliable methods
for the assessment of the nervous system functions. The REACH
program in the EU (REACH, 2006) offers opportunities for
prevention, by controlling the production of new by substances
with potential neurotoxicant properties and imposing the regis-
tration and evaluation with toxicity testing in order to authorize
industrial and commercial use. Unfortunately, testing for neuro-
developmental toxicity is not required by this regulation. Data on
the developmental effects due to perinatal exposure are lacking for
the majority of neurotoxic substances and the use of uncertainty
factors is necessary to protect individuals from perinatal exposure.
This procedure of conventional risk assessment is highly imprecise
and should be avoided by increasing the availability of scientific
information, and research in neurodevelopmental toxicology.

Manganese (Mn) is an example of a neurotoxicant with a
cumulative mechanism of toxicity that tends to accumulate in the
brain because of a very slow elimination rate. In the case of
exposure to levels exceeding the homeostatic range of this
essential element, an overload condition can be established with
possible late effects resulting in increased risk of Parkinsonism.
This has been shown in welders (Racette et al., 2005) and in
populations with prolonged environmental exposure to industrial
emissions and car traffic with the use of the Mn-based additive
MMT (Methylcyclopentadienyl Manganese Tricarbonyl) in gaso-
line (Finkelstein and Jerrett, 2007; Lucchini et al., 2007). There is
concern for populations with very high Mn content in drinking
water, such as in Bangladesh (Frisbie et al., 2002). Exposure to Mn
can begin during the prenatal life through the mothers’ exposure
and consequent passage through the placenta. Absorption of high
concentrations, exceeding the homeostatic range, can also take
place postnatally. Being an essential element, Mn is needed by the
organism and especially for the developing brain, as a constituent
of important metalloenzymes such as arginase, glutamine
synthetase, pyruvate carboxylase and superoxido-desmutase. In
order to provide Mn to the developing brain, the intestinal
absorption of this element is high, whereas the excretion rate is
low, due to the incomplete development of the biliaric pathway,
mostly responsible for Mn elimination. High concentration of Mn
in maternal milk and formulas can further increase Mn overload.
This may further continue during childhood and adulthood for
environmental and/or occupational exposure. The main targets of
toxicity are represented by coordination of fine movements,
cognitive functions related to memory, and aggressive behavior.
These functions can be explored with appropriate neurobehavioral
testing (Zoni et al., 2007), and dose–effect–response relationship
can be assessed for the identification of safe exposure levels. The
need to protect from health effects due to a lifetime exposure to
these neurotoxicants, requires that in the assessment of dose–
effect–response, adequate exposure metrics are used, able to
reflect the body burden and represent cumulative exposure. These
metrics should ideally be obtained with suitable biomarkers to
reflect the body burden, or with cumulative exposure indices that
approximate long-term exposure.

Health Canada, the Canadian Federal department of health, has
conducted a new human health risk assessment for inhaled Mn
(Egyed et al., 2008), given the large advances regarding Mn toxicity,
toxicokinetics and exposure after a previous assessment in 1994
(Egyed et al., 1996). For this purpose, relevant epidemiological
studies of both occupationally and environmentally exposed
subjects were reviewed in detail. In most occupational studies,
geometric mean levels of airborne Mn exposure were below
400 mg/m3, and sub-clinical manifestations of Mn neurotoxicity
were investigated. Overall, tests of fine motor skills and hand
tremor resulted as the most sensitive endpoints in the detection of
neurofunctional decrements due to Mn exposure, while results of
tests of cognitive ability and memory were less consistent. The
study of the effects of Mn among Italian ferroalloy workers by
Lucchini et al. (1999) was identified as the critical study for the
derivation of a new air quality guideline for Mn in Canada, due to
the available information on exposure, health outcomes and
confounders, as well as the relatively low average exposures
measured (geometric mean respirable Mn = 25 mg/m3 and geo-
metric mean total Mn = 79 mg/m3). Two exposure metrics, average
respirable exposure over the lifetime of the subject and average
respirable exposure over the 5 years prior to testing, were
calculated by multiplying the available annual average concentra-
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tion for each worker for the number of exposure years. All health
outcomes and the effects of confounders were examined and the
quantitative risk assessment of the raw dataset included both
benchmark concentration analysis and a NOAEL/LOAEL analysis.
The methods have different pros and cons, but the use of both
approaches allowed a comparison of the final results. Different
mathematical models were used as fits for a specific dose–
response. Because of the different shapes, especially in the low
dose region, these fits provided differing estimates of the BMCL05,
but they were all considered in the process for risk assessment.
Potential interactive effects between Mn exposure and age, alcohol
consumption, iron status and smoking parameters on health
endpoints were investigated. BMCL05’s were derived for SPES
finger-tapping speed, Luria Nebraska tests of repetitive hand
motions, the digit span memory test and a test of mental
arithmetic abilities. In addition, a BMCL05 was derived for serum
prolactin. Evidence from the literature regarding the increased
sensitivity of various subpopulations, including infants, children,
the elderly, persons with pre-parkinsonism, persons on parenteral
nutrition, and persons with chronic liver disease was reviewed, to
guarantee adequate protection. A range of guidance values was
derived from the BMCL05’s. Uncertainty factors had to be
introduced for the derivation of such values to account for
uncertainties related to several issues, such as the use of data from
an occupational population, the protection of more sensitive
subgroups of the population, the relative imprecision of the
cumulative exposure indices to cover the entire lifetime. The safe
exposure dose was reduced from the previous level of 0.11 mcg/m3

to 0.05 mcg/m3. This procedure represents an example of a
precautionary effort toward better protection from cumulative
effects. Nevertheless, community studies on Mn toxicity, including
the assessment of cumulative-lifetime exposure, will be needed to
further reduce the uncertainty level in the risk assessment.

7. Summary

Risk assessors are seeking human data to avoid extrapolations
across species, and neurobehavioral toxicology, as described in this
review, provides such information. Our review showed that
neurobehavioral testing that basically reflects the functional
integrity of the nervous system has contributed significantly to
human risk assessment and that new challenges have been
identified and addressed. Many epidemiological studies on the
neurobehavioral effects of mercury and manganese have been
conducted and regulatory agencies rely on these data when
deriving threshold limits. Despite such merits, further standardi-
zation of tests is needed to make neurobehavioral research more
comparable and to use different epidemiological studies for dose–
response assessment in the process of risk assessment. Moreover,
adaptation of neurobehavioral methods to specific subpopulations
(e.g. children, immigrant workers) must be intensified to identify
subtle effects on the nervous system so that they can be prevented.
Even if the individual will not suffer dramatically from such mild
neurobehavioral impairments in everyday life, on a population
level such minor effects can become a relevant issue for the health
care system. Thus, exposures related to such mild neurotoxic
effects must be reduced to avoid long-term effects. In conclusion,
neurobehavioral testing has been an important tool of human risk
assessment and is capable of addressing problems associated with
newly emerging challenges to risk assessment.
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