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ABSTRACT
Assessing the risks associated with engineered nanoparticles (particles having at least one dimension
in the 1–100 nm range) faces three major challenges: (1) lack of standard methodological approaches;
(2) uncertainty surrounding the risk factors and their relative significance; and (3) lack of control
strategies. Among the approaches that have been proposed are (1) adapting risk evaluation tools
used in industrial hygiene; (2) use of evaluation concepts borrowed from the insurance industry;
(3) determining the consensus among experts; (4) rating risk control measures; (5) construction of
influence diagrams; and (6) use of techniques drawn from multi-criteria decision-making. Knowledge
has advanced rapidly in the field of engineered nanoparticles, but comparison of studies is difficult and
major gaps remain in the characterization of these materials and the risks they represent. Since they are
already being introduced into commercial products and processes, the need is urgent for a flexible and
dynamic tool for compiling and sharing detailed knowledge of the associated risks. Uncertainties need
to be expressed and reduced. This tool must aid the decision-making of business managers, scientists,
and other stakeholders. To the best of our knowledge, no approach suggested in the literature meets
these criteria. Thus, the authors call to develop an adaptive, multidimensional decision support tool that
indicates influence relationships among risk factors and fosters the gathering and sharing of knowledge,
including uncertainties.
Keywords: Decision-making processes, decision supports, engineered nanoparticles, risk assessment,
risk management.

1 INTRODUCTION
Nanotechnology makes it possible to manipulate, visualize, develop, and characterize materials and devices at the nanometer scale. The term ‘engineered nanoparticles’ or simply
‘nanoparticles’ is frequently used in this field to define particles of which at least one dimension is in the 1–100 nm range. Many types of engineered nanoparticles are known, including
bulk nanostructured materials, surface nanostructured materials and materials carrying nanostructured particles on their surfaces (19% of market size), nanoparticles suspended in liquids
(37% of market size), nanoparticles suspended in solids (13% of market size), and airborne
or unbound nanoparticles (1% of market size) [1].
Such materials hold the promise of new chemical, physical, or biological properties not
seen at larger scales. These new properties are expected to have applications in numerous
industrial and medical fields. Nanotechnologies have led so far to the development of more
than 1,000 commercial products listed in the Woodrow Wilson Center database in 2009 [2].
Lux Research reports that the value added by nanotechnologies to manufactured products is
expected to reach US$3.1 trillion in 2015 [3].
The risk presented by these nanomaterials, which is of interest for this study, is created
when they are released in the environment, into air or into a liquid either intentionally or
accidentally. They are also referred in the literature as ultrafines. Much uncertainty currently
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surrounds the risks posed by these engineered nanoparticles [4–6]. The factors most likely to
make them potential threats to human health have not been identified and the chemical and
physical characteristics that could make them toxic as well as the mechanisms by which they
might produce pathological conditions remain unclear [1, 7]. They can induce toxicological
response(s) that differ principally from soluble or non-particulate toxicants. Knowledge in
this area is being developed rapidly by interdisciplinary teams dispersed geographically,
using methodological approaches and nanoparticles derived from various sources (cellulose,
fullerenes, metals and metal oxides, and others), making it very difficult to do comparative
studies. Moreover, no procedure currently exists for a standardized measurement by which to
classify nanoparticles.
It is difficult to summarize what is known about nanoparticles and to draw general conclusions from the efforts made so far to characterize them [1, 7]. Engineered nanoparticles are
produced and introduced into products and processes, while laboratories continue to create
and handle still others for which uses have yet to be found. Market entry often precedes
appropriate toxicology studies, raising growing concern and leading to recommendations for
the development of risk management strategies in parallel with nanoparticle research and
development [8].
The nanotechnology sector has remained outside the scope of regulatory legislation in
many countries, until very recently [9]. A recent review has led to the conclusion that current
European Community legislation covers in principle the potential health, safety, and
environmental risks associated with nanomaterials [10], the Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH) framework being completed under
directives from various agencies (e.g. British Standards Institution). Although numerous
American agencies have regulatory, administrative, consultative, or normative responsibilities, for example, the Environmental Protection Agency (EPA), Food and Drug Administration
(FDA), Occupational Safety and Health Administration (OSHA), National Institute for
Occupational Safety and Health (NIOSH), American Conference of Governmental Industrial
Hygienists (ACGIH), and the American Society for Testing and Materials (ASTM), the regulatory framework for engineered nanoparticles research and development in the USA is
provided in the form of a single law enacted in 2003. Health Canada and Environment Canada apply a precautionary principle, while the Province of Quebec defines allowable levels of
exposure to most particulate chemical substances regardless of particle size. However, nanomaterials may have toxicological and ecotoxicological properties that differ from those of the
same chemical materials in the form of larger particles [11]. Since significant knowledge
gaps continue to delay the characterization, evaluation, risk assessment, and management of
manufactured nanoparticles, precautions should be taken to limit the level of exposure. The
precautionary principle as applied by the Canadian Privy Council Office [12] needs the three
following conditions: a decision is necessary; there is a risk of serious or irreversible damage;
and there is no scientific proof of danger.
In view of the current situation, several researchers favor an adaptive or flexible risk management strategy [1, 13–15] that includes:

•
•
•

Continuous evaluation of scientific information that is in-depth, balanced, reliable, and
transparent with regard to the uncertainties surrounding risks [5, 7, 13–16];
The drawing of a complete picture of the health effects of various products, processes, and
laboratory tests [15, 17];
A knowledge base that allows prediction of the health impact of new nanoparticles [17];
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Rapid identification of dangerous nanoproducts and those that may qualify for market
entry on the short term [15];
An effective and efficient way to meet the needs of targeted small, medium, and large
businesses [15];
The sharing of risk assessment methods and information on risks [18].

Adaptive management is a systematic approach defined by the US Department of the
Interior as ‘a decision process that promotes flexible decision making that can be adjusted in
the face of uncertainties as outcomes from management actions and other events become
better understood’. Careful monitoring of these outcomes both advances scientific
understanding and helps adjust policies or operations as part of an iterative learning process.
Adaptive management also recognizes the importance of natural variability in contributing to
ecological resilience and productivity. It is not a trial and error process but rather emphasizes
learning while doing [19].
Considering the diversity of engineered nanoparticles and their applications, other
researchers advocate a case-by-case approach [7, 20]. This suggests that no generalized
statement can be made concerning groups of substances. It will be a time-consuming process
as a very important variety of nanomaterials exists [21]. Modes of use of engineered nanoparticles must be based on an approach that identifies and quantifies advantages, while taking
potential risks into account [22].
2 METHODS
2.1 Research question
Applying risk management to engineered nanoparticles involves decisions based on exposure and the effects thereof in specific populations, as measured in terms of risk factors
associated with significant consequences. Decisions arising from adaptive risk management
in the case of engineered nanoparticles lead to one of three approaches: (1) use of scientific
research and ad-hoc modeling of the human health effects of each potential risk factor for
various particles and uses thereof; (2) development of a formal decision-making process
describing a series of steps to follow in addressing the risks; and (3) development of decision
supports applying to a segment of the decision-making process and supporting the decision
maker at this stage in the process.
The present study examines the following questions: What decision-making processes and
decision-making supports are suitable for assessing the risks posed by engineered nanoparticles? What are the foundations, limitations, and advantages of these processes and supports?
Would it be useful to develop an adaptive, multidimensional decision support tool to assess
human health risks posed by engineered nanoparticles?
2.2 Search strategy
To retrieve relevant studies from the peer-reviewed literature, six electronic databases,
namely, Applied Science and Technology Abstracts, Chemical Hazards in Industry,
Compendex, NIOSHTIC-2, PubMed/Medline, and Web of Science were searched for the
years 2003 to 2010 using the keywords nanoparticle, uncertainty, risk management, risk
assessment, decision-making process, and decision support. In addition to the database
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search, references in relevant papers were reviewed to identify additional studies. The bulletins (2009–2010) of the nanotoxicology branch of the Quebec occupational health and
safety research network were also consulted.
Studies proposing developments in decision-making processes and decision-making supports in addressing the problem of risk assessment of engineered nanoparticles were included.
Decision supports are distinguished from decision-making processes by their partial application within such decision processes.
Results from research on decision supports were then sorted into the following categories
based on the outcome: (1) representative decision supports (suggesting a synthetic image of
lesional pathologies, referring to the judgments of experts, rating or classification scales);
(2) descriptive decision supports (offering a schematic of causal links among lesional pathologies and how they function); and (3) normative decision supports (offering an estimate of
risk based on historical data or statistical estimates for lesional pathologies).
3 RESULTS
3.1 Decision-making processes
The risk assessment and risk management paradigm of the National Academy of Sciences
considers risk management to be a process consisting of four steps: (1) risk assessment;
(2) risk treatment; (3) risk acceptance; and (4) risk communication [23]. Warheit et al. [24]
proposed a five-step decision-making process covering mainly risk assessment: (1) describing, establishing, and anticipating activities that are sources of exposure (supplying raw
material, manufacturing and producing, distributing, using/reusing/maintaining, discarding,
and recycling); (2) identifying and characterizing the physical and chemical properties of
nanoparticles, including variations in these properties; (3) establishing a risk profile;
(4) identifying and characterizing exposures; and (5) analyzing the properties, risks, and
exposures. Several other teams present similar reference frameworks [25–28]. Some point to
the need to assess factors that aggravate exposure [29], while others insist on systematic
analysis of manufacturing and production processes [30] by segmenting and prioritizing
areas identified through classical industrial engineering techniques (material process diagrams
or path diagrams). Robichaud et al. [31] favor a reference framework based on insurance
concepts. This consists of identifying processes and matters involved (physicochemical properties, quantities, methods of synthesis, inputs, outputs, and detailed conditions of
transformation), characterizing the materials and processes in situ, and disseminating the
results using an insurance-style database.
Although scientifically valid risk identification and assessment of nanomaterials is an
integral part of the decision-making processes, risk mitigation strategies need to be considered. These include precautionary measures to minimize worker exposure, such as enclosing
hazardous processes, capturing airborne nanoparticles using local exhaust ventilation, and
implementing emergency procedures. When engineering controls are not efficient or feasible,
the use of personal protective equipment is required. Risk mitigation plans also include
administrative (procedural) controls, good work practices, and educating and training of
workers [32].
The scientific community generally recognizes that all decision-making processes or decision supports regarding the human health effects of engineered nanoparticles must be
systemic and cover all stages of the nanoparticle lifecycle [13, 24–26, 33]. This lifecycle,
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which includes production, transport or storage, distribution, use, recycling, or disposal,
requires knowledge of the physicochemical transformations likely to occur when a nanoparticle passes from one environment to another or when products or sub-products are created
by their decomposition or transformation. It is also important to know which producers and
industries are using and handling nanoparticles and to update this information continually.
3.2 Decision supports
3.2.1 Using a representative approach
Citing similarity to the case of methyl tertiary butyl ether (MTBE), Davis [13] argues that
experts in technical fields and social sciences could help reduce the uncertainty involved in
attempting to anticipate the health effects of nanoparticles. Kandlikar et al. [5] likewise
propose expert opinions and a Likert scale (psychometric scale specifying the level of agreement or disagreement of experts for a statement) to shed light on uncertainties surrounding
preponderant risk factors, lesional mechanisms, and the classification of nanoparticles.
Wardak et al. [34] queried eight experts on the effects of exposure to eight nanoproducts
(solar creams, toothpastes, home fragrances, batteries, tennis rackets, screens of electronic
devices, contrast agents used in magnetic resonance imaging (MRI) equipment). These
experts were asked to evaluate the risks associated with various use-and-discard scenarios in
terms of numerous indicators or markers (product newness, stability of recovery, properties
dependent on the suspension medium, synergy with other products, means of disposal, particle dimensions, dispersion, aggregation, bioavailability, conditions of transport in the
environment, photo-catalytic or catalytic activity, populations at risk, antibacterial properties,
and level of uncertainty regarding these properties). This study concluded that experts lacked
the knowledge to judge certain scenarios based on the indicators. Nevertheless, expert
opinion combined with decision analytic frameworks is considered in many normative
organizations to provide adequate assessment of the risks posed by nanomaterials [35].
Since developing occupational exposure limits for all new engineered nanoparticles is not
feasible, some researchers and legislative bodies advocate a system of categorizing risks
associated with nanoparticles in bands, commonly called control banding [21, 36–40]. Such
classification systems are used for limiting exposure to chemical inhaler products [41, 42], in
the pharmaceutical industry [39], by insurance companies [43], and to prioritize research in
certain fields [17]. Based on the results of Sullivan [44], ISO [35], and Safe Work Australia
[45] three bands ‘to characterize exposure potential (as high, medium or low) for the degree
of dustiness (“dispersability”) for powders containing nanoparticles and for the quantity used
in a specific occupational setting’ are proposed. ISO is working on the development of such
a qualitative risk assessment (TC229, WG 7). ANSES [21] has proposed a control banding
tool assessing health risks based on physicochemical and toxicological properties of nanomaterials as well as their propensity to become airborne. This tool proposes five different bands
of ventilation or confinement control.
Using a descriptive approach, Morgan [46] constructed influence diagrams (graphical representations of the decision situation) representing risk factors associated with the problem of
nanoparticles based on the semidirected interviews conducted with 13 academic, governmental, and industrial experts. The conclusion of this unique study using this approach was
that even under conditions of uncertainty, estimation and decision-making regarding the
potential human and environmental risks is possible within the framework proposed, since it
helps to structure the decision-making problem.
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3.2.2 Using a normative approach
Bayesian methods are often recommended for situations in which there are few or no empirical data for some of the parameters of a risk analysis model and when it is necessary to
employ subjective information from expert opinion as data to update a decision-maker’s
beliefs or to define a consensus [47]. To address risks when uncertainties regarding nanomaterials are significant, Hansen [1] proposes multi-criteria decision analysis, adaptive
management, and Bayesian decision supports. This suggested use of Bayesian statistics
means that decisions would be based on the scientific evidence available at a precise moment
in time. Such decision models could be adapted as more data became available.
Several researchers [48–50] suggest using multi-criteria decision support techniques, such
as multi-attribute utility analysis, the analytical hierarchy process (AHP), or ELECTRE, to
classify nanoparticles. The AHP method, developed by Saaty in 1980 [51], decomposes one
complex decision-making problem in a hierarchical structure. Using binary combinations to
estimate every element of the same level of the hierarchy with regard to the elements of the
upper level, the analyst can determine the best alternative as well as obtain a general appreciation of the desirability of every alternative. ELECTRE, developed in 1968 by Roy [52], is
a multi-criteria decision technique based on the notions of concordance, discordance, and the
comparison between several alternatives. The concordance and discordance thresholds are
fixed according to the risk acceptability of the decision makers.
3.2.3 Using a mental model approach
Effective communication with the people potentially exposed to nanoparticles is a key
element to consider. A message formulated by experts to warn non-experts against a set of
potential threats may be ineffective if it contains technical jargon used only by experts. The
message should add critical missing information, dispel misconceptions, and give realistic
advice that can be followed in the workplace. In comparing a 76-member citizen panel to an
expert panel in South Carolina, Priest et al. [53] found that citizens are concerned with
economic, distributional, and privacy issues of nanotechnologies. Their perception of health
and environmental risks increases, while experts are more concerned with how to evaluate
potential toxicity. Citizens are in favor of regulation, while experts have difficulty reaching a
consensus in this regard. To make safety information more relevant to the workplace of users,
Cox et al. [54] proposed a generic methodology based on the mental models approach. Based
on iterative comparison of experts and users understandings of chemical risks, these models
provide useable information to workers, thereby enabling them to make appropriate decisions.
Mental models are human conceptualizations of reality and possibilities, representing
alternatives, structuring decisions and systems [55]. They can be valuable tools for
understanding how workers perceive the risks, make decisions, and construct their behavior
as a result of awareness of exposure to nanoparticles.
4 DISCUSSION
Some legislative organizations and research teams suggest assessing the risks posed by nanoparticles in the same manner as for chemical products [7, 26, 31, 32, 43, 56, 57], while others
insist that they be treated differently [58]. Their dimensions are such that unsuspected means
of exposure are imaginable, and once absorbed, their surface properties could have a significant impact on their kinetics and distribution, leading to new biological interactions and thus
making it difficult to characterize and assess the potential risk. Evaluation of occupational
exposure to airborne particles is based traditionally on the mass of pollutant in a unit volume
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of air. However, some studies suggest that this standard industrial hygiene approach is
inappropriate when dealing with nanoparticles [59–61] less soluble. However, it is clear that
other parameters, such as morphology, crystalline structure, dimension, and dose expressed
in number or surface per unit volume also influence particle toxicity. Considerable uncertainty currently surrounds the relative importance of these parameters for any given exposure
scenario. Choosing an appropriate metric to measure occupational exposure therefore remains
a major challenge. It might even be unrealistic to expect to find such a metric, since possible
modification of the toxicity along the route of exposure must also be considered. Although it
may be possible to measure the parameters most likely to be associated with biological
response, no device or monitor currently exists to measure simple exposure.
All decision-making processes and decision supports proposed so far are based on the
hypothesis that nanoparticles will become airborne and therefore behave according to the
laws of aerosol physics and classic fluid mechanics. Nanoparticle behavior is thus thought to
be similar to the behavior of a gas [16, 61]. At the nanometer scale, diffusional forces exceed
gravitational and inertial forces. Deposition in the respiratory track or on a close body will be
greatly affected by the high diffusion coefficients of these particles. However in the workplace environment, nanoparticles will be transported mainly by airflow convection, while
still subject to diffusion. In the absence of other forces, such as temperature gradients and
electromagnetic fields, nanoparticles will therefore closely follow air streamlines. One should
not forget that once suspended in a liquid the behavior of these particles will be affected by
new parameters. The health risk assessment should therefore take into account all the possible state that these nanoparticles could be aggressing on the workers or the environment.
4.1 Decision-making processes
Decision-making processes need to address the structure and consequences of the problem,
if their aim is to describe all the steps to follow in addressing the risk. They must make it
possible both to identify and rank risk factors. Further considerations include: (1) the persons
for whom these decision-making processes are intended, in particular the resources at their
disposal (time, information, funding) and the constraints they encounter in reaching decisions; (2) the assessment of uncertainties and the information needed to explore or quantify
them need to be made more explicit and obtained in parallel with the assessment of consequences; (3) the relative severity of consequences needs to be identified clearly (discomfort,
worrying damage, reversible pathology, and irreversible pathology); and (4) risk factors need
to be assessed quantitatively and qualitatively. How to reconcile such results? How to limit
the occurrence of biases (level errors, errors of omission, errors in the methods of assessing
certain risks, etc.)?
Given the diversity of engineered nanoparticles now on the market and currently being
developed, some argue that a case-by-case approach is no longer tenable, as currently used
for other chemicals [58]. A rapid response to the possible pitfalls of this new technology is
needed for regulatory purposes.
4.2 Decision supports
Representative and normative decision supports offer contextual scenarios to address the
health consequences of nanoparticles in an aggregated manner, relying on historical data or
statistical estimates. Explicative decision supports convey better understanding of interactions
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among risk factors. The literature fails to provide a clear assessment of how uncertainties
play a part in these consequences, though several techniques have been proposed to account
for them.
A decision support is attractive because it allows repeated use of a model to make decisions,
study choices, or offer diagnoses when consequences are significant and develop over time
and when past experience is of little assistance. It does this while minimizing the occurrence
of bias and makes it possible to integrate risks from several origins whether technological,
operational, legal, regulatory, social, environmental, financial, consumer market-oriented or
fiscal. The models are simplified and realistic, thus, making better decisions possible (in
terms of resulting performance).
4.3 Representative outcomes
The human mind is limited in its capacity to deal with information: perception of information
is selective, processing is sequential, the ability to calculate is limited, memory uses mainly
heuristics and mechanisms of association, and biases in judgment are frequent [62].
Fortunately, individuals are capable of interpreting information. Viewed from the dynamic of
human judgment, our problem calls for decision support techniques based on multiple
decision makers who give careful consideration to the range of experts to be consulted [9].
The selection of experts needs to be made in compliance with an appropriate standard, such
as AFNOR (Association française de normalisation) standard NF X50-110 [23] or equivalent.
This standard requires selection of experts on the basis of their skills and their personal
qualities. Other guidelines (e.g. in France) suggest choosing experts on the basis of their
work experience in directly linked operational and managerial roles [63], their experience
with assessment and the absence of conflicts of interests. The EPA [64] proposes selecting
experts from multiple legitimate perspectives and on the basis of their technical expertise,
experience, judgment and communication abilities, and their willingness to reveal any conflict of interest. All expert-dependent decision supports ought to be viewed as a photograph
of their opinion at a clearly defined moment in time. Management of intellectual bias will be
crucial, since as long as evaluation of risks posed by engineered nanoparticles remains
delayed by insufficient technical knowledge, there will be no sensible alternative to consultation with experts in the field of engineered nanoparticle development. Any classification by
bands is based on a relatively broad body of hypotheses: researchers assess characteristics of
process activities qualitatively and controls are proposed accordingly. Partners (users) find
them attractive because their use can be simple and straightforward [38]. However, caution
should be exercised because these tools are developed by experts according to precise rules
that are not always well understood and documented in practice: generalization of risks,
errors and difficulties in the identification and relative importance of risks or inaccurate
estimation of exposure may occur. Risk acceptance may also be a concern. According to
Beauchamp [65], ‘acceptability of risk is more the fruit of an observation further to an exercise of information and consultation and negotiation than a concept a priori that we could
measure scientifically’. Some consider control banding approaches to be good communication
tools that can be an ‘integral part of a tiered strategy for risk assessment’ [38]. Paik et al. [40]
studied the feasibility of using a control banding tool that they developed for five different
research laboratory operations. They concluded that, ‘some level of expert judgment should
be used to ensure that the recommended controls produced from the CB Nanotool are in fact
the most appropriate for the activity in question’.
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4.4 Descriptive outcomes
An influence diagram is a formal model of a complex and multidimensional problem. It
serves as a user-friendly risk analysis and communication tool for clarifying the qualitative
structure and dynamic of a phenomenon, which in this case includes identification of risk
factors, logical links among risk factors, and uncertainties and mathematical relationships
underlying relations of influence. However, this technique does not present decisional
scenarios.
4.5 Normative outcomes
The Bayesian approach to decision-making is based on the use of prior knowledge to
construct future scenarios and estimate the probability of their occurrence [1]. This method
is used extensively to incorporate quantitative data as well as qualitative findings and subjective judgments, which it transforms into quantitative form [66]. However, the preferences
of the decision maker cannot be discerned and the elicitation process and updating the
decision model are complex [47]. A Bayesian method, nevertheless, could be used for
engineered nanoparticles [67]. The current development of an advanced exposure assessment tool for REACH is a step in that direction [68]. This exposure assessment tool is built
on a mechanistic model and an empirical component with exposure information from a
database. A Bayesian process integrates the two sources of information to provide exposure estimates.
Multi-criteria methods are employed generally when several alternatives (nanoparticles)
exist and arbitrage among criteria becomes necessary. Two challenges are encountered in the
present case: (1) the definition of measurable and objective criteria and (2) the weighing of
the various criteria in a transparent and acceptable manner for all social stakeholders [20].
While it is possible to represent the preferences of an individual using the so-called utility
function, Condorcet demonstrated in the 18th century that it is difficult to construct such a
relation for collective preference. Arrow developed a theorem of impossibility in the 20th
century demonstrating that unless compromises are made among individual utility functions,
it is impossible to establish a collective utility function. A coherent collective choice using
multi-attribute utility theory requires identifying a unit of exchange that relies on a compensating mechanism to maximize total value collectively. The AHP method [51] makes it
possible to classify alternatives (e.g. nanoparticles). However, this technique is vulnerable to
the phenomenon of rank inversion. The ELECTRE method addresses alternatives in different
classes by calculating indices of concordance and discordance. Each of the indices is confronted with a fixed threshold expressing the notion of acceptable risk. Alternatives are
grouped in classes as a result, but cannot be ranked within a class. Linkov et al. [69] used
stochastic multi-criteria acceptability analysis (SMAA-TRI), which is based on ELECTRE,
to group nanomaterials into five risk classes, namely, extreme, high, medium, low, and very
low. They used particle size as a quantitative criterion and six qualitative criteria measured as
subjective probabilities estimated by experts. The indifference and preference thresholds for
each criterion were defined logically because of knowledge gaps, which led to imprecise
thresholds. Estimating the relative importance of each criterion based on their knowledge, the
researchers were able to rank a fullerene, a multi-walled carbon nanotube, a quantum dot, a
silver nanoparticle and an aluminum nanoparticle but could not quantify the risk that each
represented.
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5 CONCLUSION
An adaptive, multidimensional decision support tool should be developed to assess the
risks that engineering nanoparticles and their processing represent to human health. This
tool should indicate influence relationships among the risk factors and foster gathering and
sharing of knowledge, including the degree of certainty. The tool we are developing will
make it possible to share results of research among researchers in many fields. It might be
viewed as a governance measure taken before introducing a more global regulatory framework. Such a tool will need to address all stages in the lifecycle of engineered nanoparticles
and be transferable to partners (users). To have a real impact on individuals, knowledge
must be shared and exchanged dynamically between the research community and the
stakeholders. A standardized and practical approach must be taken to providing useful
descriptions of the risks posed by engineered nanoparticles and to identifying the relationship between measured parameters of exposure and toxicity. Promoting adapted and
acceptable risk reduction measures calls for a risk appreciation or assessment tool that
gives due consideration to the perceptions, concerns, and values of the various social
actors.
REFERENCES
[1] Hansen, S.F., Regulation and Risk Assessment of Nanomaterials. too Little, too Late?
Ph.D. Thesis. Department of environmental engineering. Technical University of
Denmark, 2009.
[2] Woodrow Wilson International Center for Scholars. The Project on Emerging
Nanotechnologies. http://www.nanotechproject.org/inventories/consumer/, 2009.
[3] Lux Research. Nanomaterials State of the Market Q3 2008: Stealth Success, Board
Impact, Lux Research Inc.: New York, NY, 2008.
[4] Sinclair-Desgagné, B., Les nanotechnologies : bénéfices et risques potentiels, Rapport
bourgogne, 2006RB–02, Cirano, 2006.
[5] Kandlikar, M., Ramachandran, G., Maynard, A.D., Murdock, B. & Toscano, W.A.,
Health risk assessment for nanoparticles: a case for using expert judgment. Journal of
Nanoparticle Research, 9, pp.137–156, 2007. doi: http://dx.doi.org/10.1007/s11051006-9154-x
[6] Framing Nano. Mapping study on regulation and governance of nanotechnologies.
Report prepared by: AIRI/Nanotec IT, The Innovation Society, January 2009.
[7] European Commission. 1st Annual Nano Safety for Success Dialogue. Community
Health and Consumer Protection. Brussels, October 25 and 26, 2007.
[8] Von Gleich, A., Steinfeldt, M. & Petschow, U., A suggested three-tiered approach to
assessing the implications of nanotechnology and influencing its development. J. Cleaner Prod, 16, pp. 899–909, 2008. doi: http://dx.doi.org/10.1016/j.jclepro.2007.04.017
[9] Ostiguy, C., Roberge, B., Woods, C. & Soucy, B., Engineered Nanoparticles – Current
Knowledge about OHS Risks and Prevention Measures, Second edition, IRSST Report
R-656, July, 2010.
[10] European Commission. Communication from the Commission to the European
Parliament, the Council and the European Economic and Social Committee-Regulatory
aspects of nanomaterials, COM/2008/0366 final. European Commission: Brussels,
Belgium, 2008.
[11] Scenihr. The Appropriateness Of Existing Methodologies To Assess The Potential Risks
Associated With Engineered And Adventitious Products Of Nanotechnologies, SCENIR
Report/002/05, March 10, 2006.

50

S. Nadeau, et al., Int. J. of Safety and Security Eng., Vol. 2, No. 1 (2012)

[12] Privy Council Office. A Framework for the Application of Precaution in Science-Based
Decision Making about Risk, Government of Canada, Report CP22–70/2003, 2003.
[13] Davis, J.M., How to assess the risks of nanotechnology: learning from past experience.
Journal of Nanoscience and Nanotechnology, 7, pp. 402–409, 2007. doi: http://dx.doi.
org/10.1166/jnn.2007.152
[14] Council of Canadian Academies. Small is Different: A Science Perspective on the
Regulatory Challenges of the Nanoscale. Report of the Expert Panel on Nanotechnology,
September, 2008.
[15] Kuzma, J., Paradise, J., Ramachandran, G., Kim, J.A., Kokotovich, A. & Wolf, S.M., An
integrated approach to oversight assessment for emerging technologies. Risk Analysis,
28(5), pp. 1197–1219, 2008. doi: http://dx.doi.org/10.1111/j.1539-6924.2008.01086.x
[16] Institute of Occupational Medicine. Nanoparticles: An Occupational Hygiene Review.
Health and Safety Executive, Research report 274, 2004.
[17] Balbus, J.M., Maynard, A.D., Colvin, V.L., Castranova, V., Daston, G.P., Denison,
R.A., Dreher, K.L., Goering, P.L., Goldberg, A.M., Kulinowski, K.M., MonteiroRiviere, N.A., Oberdörster, G., Omenn, G.S., Pinkerton, K.E., Ramos, K.S., Rest,
K.M., Sass, J.B., Silbergeld, E.K. & Wong, B.A., Meeting Report: Hazard Assessment
for Nanoparticles – Report from an Interdisciplinary Workshop. Environmental Health
Perspectives, 115(11), pp. 1654–1659, 2007. doi: http://dx.doi.org/10.1289/ehp.10327
[18] Gamo, M. & Kishimoto, A., Current Practices of Risk Management for Nanomaterials
by Companies in Japan. Report of Findings: Research Project on Facilitation of Public
Acceptance of Nanotechnology, 2006.
[19] Byron, K.W., Szaro R.C. & Shapiro C.D., Adaptive Management: The US Department
of the Interior Technical Guide. US Department of the Interior, 2007.
[20] European Commission. Risk Assessment of Products of Nanotechnologies. Scientifica
Committee on Emerging and Newly Identified Health Risks. Directorate-General for
Health & Consumers, January 19, 2009.
[21] Anses. Développement d’un Outil De Gestion Graduée Des Risques Spécifique Au
Cas Des Nanomatériaux. Rapport d’appui scientifique et technique, 2008–SA–0407,
January, 2011.
[22] NanoKomission. Responsible Use of nanotechnologies: Report and Recommendations
of the German Federal Government’s NanoKomission for 2008. NanoKomission of the
German Federal Government: Bonn, Berlin, November, 2008.
[23] AFNOR. Qualité en expertise. Prescriptions générales de compétence pour une
expertise. NF X50–110, 2003.
[24] Warheit, D., Sayes, C.M., Reed, K.L. & Swain, K.A., Health Effects Related to Nanoparticle Exposures: Environmental, Health and Safety Considerations for Assessing Hazards and Risks. Pharmacology & Therapeutics, 120, pp. 35–42, 2008. doi: http://dx.doi.
org/10.1016/j.pharmthera.2008.07.001
[25] Sweet, L. & Strohm, B., Nanotechnology-Life Cycle Risk Management. Human Ecotox
Risk Assess, 12, pp. 528–551, 2006. doi: http://dx.doi.org/10.1080/10807030600561691
[26] US Environmental Protection Agency. Nanotechnology White Paper. Science Policy
Council. DC 20460, Report EPA 100/B–07/001, February 2007.
[27] Wetzel, M.D., Environmental, Health and Safety Issues and Approaches for the
Processing of Polymer Nanocomposites. 66th Annual Technical Conference of the
Society of Plastics Engineers, pp. 247–251, 2008.
[28] Environmental Defense-DuPont. Projet cadre sur les risques nano. June 21, 2007.

S. Nadeau, et al., Int. J. of Safety and Security Eng., Vol. 2, No. 1 (2012)

51

[29] National Institute for Occupational Safety and Health. Approaches to Safe
Nanotechnology: An Information Exchange with NIOSH. Washington, D.C., Department
of Health and Human Services Centers for Disease Control and Prevention National
Institute for Occupational Safety and Health, July, 2006.
[30] ORC Worldwide. Qualitative Exposure Assessment Tool. Nanotechnology Consensus
Workplace Safety Guidelines. Risk Assessment Tools. http://www.orcworldwide.com/,
2009.
[31] Robichaud, C.O., Tanzil, D., Weilenmann, U. & Wiesner, M.R., Relative Risk Analysis
of Several Manufactured Nanomaterials: an insurance industry context. Environmental
Science and Technology, 39(22), pp. 8985–8994, 2005. doi: http://dx.doi.org/10.1021/
es0506509
[32] CDC Workplace Safety and Health. Progress Safe Nanotechnology in the Workplace.
NIOSH Nanotechnology Center Report, June, 2007.
[33] Thomas, T., Bahadori, T., Savage, N. & Thomas, K., Moving Toward Exposure and Risk
Evaluation of Nanomaterials: Challenges and Future Directions. Wiley Interscience,
pp. 426–433, 2009.
[34] Wardak, A., Gorman, M.E., Swami, N. & Deshpande, S., Identification of risks in the
life cycle of nanotechnology-based products. Journal of Industrial Ecology, 12(3),
pp. 435–448, 2008. doi: http://dx.doi.org/10.1111/j.1530-9290.2008.00029.x
[35] ISO. Nanotechnologies – Health and safety practices in occupational settings relevant
to nanotechnologies. ISO/TR 12885, 2008.
[36] Swiss Federal Office of Public Health. Guidelines on the Precautionary Matrix of
Synthetic Nanomaterials, Version 1.1, Berne, Swiss, December 2008.
[37] Truchon, G. & Cloutier, Y., Control banding et nanotechnologies. Travail et Sante,
March, pp. 15–16, 2009.
[38] National Institute for Occupational Safety and Health. Qualitative Risk Characterization And Management Of Occupational Hazards: Control Banding (CB). Department
of Health and Human Services. Center for Disease Control and Prevention. Report
DHHS 2009–152, August 2009.
[39] Maynard, A.D., Nanotechnology: the next big thing, or much ado about nothing? Ann
Occup Hyg, 51(1), pp. 1–12, 2007. doi: http://dx.doi.org/10.1093/annhyg/mel071
[40] Paik, S.Y., Zalk, D.M. & Swuste, P., Application of a pilot control banding tool for
risk level assessment and control of nanoparticle exposures. Ann Occup Hyg, 52(6),
pp. 419–428, 2008. doi: http://dx.doi.org/10.1093/annhyg/men041
[41] Schulte, P., Geraci, C. & Zumwalde, R., Hoover M, Kuempel E. Occupational risk
management of engineered nanoparticles. Journal of Occupational and Environmental
Hygiene, 5, pp. 239–249, 2008. doi: http://dx.doi.org/10.1080/15459620801907840
[42] Schulte, P.A., Trout, D., Zumwalde, R.D., Kuempel, E., Geraci, C., Castranova, V.,
Mundt, D.J., Mundt, K.A. & Halperin, W.E., Options for Occupational Health Surveillance of Workers Potentially Exposed to Engineered Nanoparticles : State of Science.
Journal of Occupational and Environmental Medicine, 50(5), pp. 517–526, 2008. doi:
http://dx.doi.org/10.1097/JOM.0b013e31816515f7
[43] Friedrichs, S. & Schulte, J., Environmental, health and safety aspects of nanotechnologyimplications for the R&D in (small) companies. Science and Technology of Advanced
Materials, 8, pp. 12–18, 2007. doi: http://dx.doi.org/10.1016/j.stam.2006.11.020
[44] Sullivan, R.A., Capturing invisible dust. Environmental Protection, 12, pp. 51–53,
2001.

52

S. Nadeau, et al., Int. J. of Safety and Security Eng., Vol. 2, No. 1 (2012)

[45] Safe Work Australia. Engineered Nanomaterials: evidence on the Effectiveness of Workplace Controls to Prevent Exposure. Commonwealth of Australia, November 23 2009.
[46] Morgan, K., Development of a preliminary framework for informing the risk analysis
and risk management of nanoparticles. Risk Analysis, 25(6), pp. 1621–1635, 2005. doi:
http://dx.doi.org/10.1111/j.1539-6924.2005.00681.x
[47] O’Hagan, A., Buck, C.E., Daneshkhah A., Eiser J.R., Garthwaite P.H., Jenkinson D.J.,
Oakley J.E. & Rakow T., Uncertain judgments. Eliciting experts’ probabilities. Wiley,
USA, 2006.
[48] Linkov, I., Satterstrom, F.K., Steevens, J., Ferguson, E. & Pleus, R.C., Multi-criteria
decision analysis and environmental risk assessment for nanomaterials. Journal of
Nanoparticle Research, 9, pp. 543–554, 2007. doi: http://dx.doi.org/10.1007/s11051007-9211-0
[49] Scher, C., Caputo, D., Forensic Environmental Analysis of Nanotechnology Regulation.
NSTI-Nanotech, 2, pp. 628–630, 2007.
[50] Flari, V., Chaudhry, C., Neslo, R. & Cooke, R., Expert judgment based multi-criteria decision model to address uncertainties in risk assessment of nanotechnologyenabled food products. J. Nanopart Res, 13, pp. 1813–1831, 2011. doi: http://dx.doi.
org/10.1007/s11051-011-0335-x
[51] Saaty, T.L., Fundamentals Of Decision Making And Priority Theory: With The Analytic
Hierarchy Process. RWS Publications: Pittsburg, USA, 1996.
[52] Roy, B., Multicriteria Methodology For Decision Aiding. Kluwer Academic: Dordrecht,
Netherlands, 1996.
[53] Priest, S., Greenhalgh T, Kramer V. Risk perceptions starting to shift? US citizens are
forming opinions about nanotechnology. J. Nanopart Res, 12, pp. 11–20, 2010. doi:
http://dx.doi.org/10.1007/s11051-009-9789-5
[54] Cox, P., Niewöhner J., Pidgeon N., Gerrard S., Fischhoff B. & Riley D., The use of mental
models in chemical risk protection: developing a generic workplace methodology. Risk
Analysis, 23(2), pp. 311–324, 2003. doi: http://dx.doi.org/10.1111/1539-6924.00311
[55] Johnson-Laird, P.N., Deductive Reasoning and the Brain, http://www.cogsci.bme.
hu/~babarczy/Orak/BMEpostgrad/semantics/2005spring/Johnson-Lairdmental_
models.pdf.
[56] Haut Conseil de la Sante Publique. Avis relatif à la sécurité des travailleurs lors de
l’exposition aux nanotubes de carbone. Ministère de la santé, de la jeunesse, des sports
et de la vie associative, France, 2009.
[57] Rickerby, D.G., Nanotechnological Medical Devices and Nanopharmaceuticals: the
European regulatory framework and research needs. Journal of Nanoscience and
Nanotechnology, 7, pp. 4618–4625, 2007.
[58] Walker, N.J. & Bucher, J.R., Forum Series, part V., A 21st Century paradigm for evaluating the health hazards of nanoscale materials? Toxicological Sciences, 110(2):251–
254, 2009. doi: http://dx.doi.org/10.1093/toxsci/kfp106
[59] Romieu, I., Meneses F., Ruiz, S., Sienra, J.J., Huerta, J., White, M.C. & Etzel, R.A.,
Effects of air pollution on the respiratory health of asthmatic children living in Mexico
city. Am. Journal Respir. Crit. Care Med., 154(2), pp. 300–307, 1996.
[60] Oberdörster, G., Oberdörster, E. & Oberdörster, J., Nanotoxicology: an Emerging
Discipline Evolving from Studies of Ultrafine Particles. Environ Health Perspect,
113(7), 823–839, 2005. doi: http://dx.doi.org/10.1289/ehp.7339

S. Nadeau, et al., Int. J. of Safety and Security Eng., Vol. 2, No. 1 (2012)

53

[61] Maynard, A.D. & Kuempel, E.D., Airborne Nanostructured Particles and Occupational
Health. Journal of Nanoparticles Research, 7, pp. 587–614, 2005. doi: http://dx.doi.
org/10.1007/s11051-005-6770-9
[62] Kunreuther, H., A Conceptual Framework for Managing Low-probability Events.
In Krimskey S. & Golding D. Social Theories of Risk, Praeger: New-York USA,
pp. 301–317, 1992.
[63] Ford, D.N. & Sterman, J.D., Expert Knowledge Elicitation to Improve Formal and
Mental Models. Syst. Dyn. Rev., 14, pp. 309–340, 1998. doi: http://dx.doi.org/10.1002/
(SICI)1099-1727(199824)14:4<309::AID-SDR154>3.0.CO;2-5
[64] US Environmental Protection Agency. Expert Elicitation Task Force. Draft White Paper.
Washington, DC: U.S. 20460, U.S., January 6, 2009.
[65] Beauchamp, A., Gérer le risque, vaincre la peur. Bellamin : Québec, Canada, 1996.
[66] Mays, N., Pope, C. & Popay, J., Systematically Reviewing Qualitative and
Quantitative Evidence to Inform Management and Policy-making in the Health
Field. Journal Health Serv Res Policy, 10(1), pp. S1–S20, 2005. doi: http://dx.doi.
org/10.1258/1355819054308576
[67] Gottschalk, F., & Nowack, B., The Release of engineered nanomaterials to the environment. Journal of Environmental Monitoring, 13, pp. 1145–1155, 2011. doi: http://
dx.doi.org/10.1039/c0em00547a
[68] Fransman, W., Cherrie, J., van Tongeren, M., Schneider, T., Tischer, M., Schinkel, J.,
Marquart, H., Warren, N., Kromhout, H. & Tielemans, E., Development of a Mechanistic
Model for the Advanced REACH Tool (ART). TNO Report V9009, Version 1.0, June 2010.
[69] Linkov, I., Tervonen, T., Steevens, J., Chappell, M. & Figuiera, J.R., Use of a
Multi-criteria Decision Analysis for Classification of Nanomaterials. Proceedings
of International Perspectives on Environmental Nanotechnology. Applications and
Implications, EPA905R09032, October 7–9, Chicago, USA, pp. 63–76, 2008.

