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Abstract: Governments need to categorise tens of thousands of data-poor 
chemicals in order to better inform human health risk assessment. Pesticide 
active ingredients have contributed considerably to our understanding of the 
toxicological mechanisms; however, in order to move forward there is a 
pressing need for testing that is faster and less expensive based upon the 
chemical specific mode-of-action (MOA). Currently, a comprehensive set of 
these alternative methods does not yet exist, although the state of the science is 
rapidly evolving. The next two to ten years will see a global progression 
towards the use of integrated testing strategies (ITS) in decision-making for 
both data-rich and data-poor chemicals. Regulatory deployment of integrated 
approaches to testing and assessment (IATA) will depend upon the types of 
chemicals and the nature of the decision-making process by regulatory 
authorities. Regulators need to recognise that adoption of IATA strategies 
would require the engagement and approval of public stakeholders in order to 
alleviate concerns regarding potential adverse risks to human health and the 
environment. The new approach cannot be used to simply streamline processes 
or sacrifice human and environmental safety for social or economic benefits. 
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1 Introduction 

Pesticide safety is a health and environmental concern throughout the world. Pesticides 
are widely used in Canada in agriculture, industrial and urban applications to enhance 
food production to meet the demands of society. The safety of pesticides has attracted 



   

 

   

   
 

   

   

 

   

   48 L. Ritter et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

public scrutiny and attention, particularly in urban and residential settings where many 
Canadian provinces have already implemented bans or restrictions on their use. Pesticides 
contain active ingredients that function to mitigate the target pest. Pesticide formulations 
include components that dissolve, add stability and enhance the effectiveness of the 
active ingredient. The active ingredients are rigorously regulated compounds, the safety 
of which is supported by a comprehensive toxicological assessment (largely laboratory 
studies) that follows a regimen similar to the preclinical safety assessment of a 
prescription drug. However, extensive evaluation of the active ingredients in pesticides 
does not extend to the other components of the pesticide product (most notably the 
formulants). 

Extensive toxicity testing data on pesticide ‘active ingredients’ are available. 
Nonetheless, current testing protocols are both costly and time-consuming resulting in a 
significant backlog of non-pesticide active ingredient chemicals that require testing. 

Scientific research has evolved significantly so that our understanding of molecular 
mechanism has increased. These advancements have not been widely applied to toxicity 
testing protocols required for regulatory decision-making (Seidle and Stephens, 2009). 
Many of these standardised tests have remained the same for decades. Traditionally, past 
toxicological protocols were not intended to produce data relating to molecular 
mechanisms and perturbation pathways. As a result, there is a need for new scientific 
techniques that provide mechanism-based, chemical-specific toxicological information. 
This new paradigm shift in toxicology will transform risk assessment into a science that 
incorporates knowledge of the toxicity pathways and mechanisms by which chemicals 
exert their adverse health effects. 

In 2012, Canadian Council of Academies published a report based upon the opinions 
of the expert panel on the integrated testing of pesticides. This paper provides a summary 
of the report along with scientific advances since the report had been written. 

2 Charge to the panel 

The Expert Panel on the Integrated Testing of Pesticides was established by the Council 
of Canadian Academies at the request of the Pest Management Regulatory Agency 
(PMRA). 

The panel report (CCA, 2012) is the opinion of the expert panel and not the official 
position of the PMRA. The panel was asked to assess and report on the scientific status of 
the use of integrated testing strategies (ITS) for the regulatory risk assessment of 
pesticides. Specifically, the panel was asked by the Government of Canada to address 
three specific questions (CCA, 2012): 

• What is the state of the science of the tools and data sources associated with ITS? 

• What is the current status of the use of ITS for the risk assessment of pesticides, 
pharmaceuticals, industrial chemicals, and other chemical substances by regulatory 
agencies around the world? 

• Could there be potential impacts on the public’s perception and confidence in 
regulatory risk assessment and risk management decisions for pesticides if ITS were 
implemented? 
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In order to address these questions, the panel structured its deliberations and report 
around three pillars: 

1 where possible, distinguish between data-rich and data-poor chemicals 

2 populate with examples to provide real-life context 

3 discuss near-, medium-, and long-term options. 

The gap between toxicological testing capacity and the insatiable growing global appetite 
for better and faster means to assess the safety of chemicals needs to be recognised. The 
panel focused its assessment on new approaches which would be more predictive, more 
reliable, faster, and less expensive. In addition, the new approaches need to provide 
mechanism-based information regarding the underlying toxicity of a chemical in order to 
inform risk assessment, and identify the cellular response pathway that, when sufficiently 
perturbed, is expected to result in an adverse health effect. 

3 State of the science 

Integrated approaches to testing and assessment (IATA) aim to change an outdated 
approach to toxicology assessment. Toxicology testing will focus on mechanism of action 
explaining ‘how’ it happens rather than describing ‘what’ happens. It will be clear that 
the focus needs to shift away from endpoint toxicology and move toward an 
understanding of the mechanisms which lead to adverse outcomes (CCA, 2012). Several 
different approaches to IATA have been discussed in a review publication by Rovida  
et al. (2015). These include 

a weight of evidence (WoE) which examines the evidence presented by a number of 
independent assays to make a decision 

b battery of tests which relates to a series of tests that all need to be performed to 
replace in vivo testing 

c tiered strategy testing where the first tier of testing decides what the next tier of 
testing would involve. 

IATA could involve a combination of some or all of these approaches in addition to  
non-test methods such as read-across and in silico modelling. The focus is on mechanism 
and the existence of an adverse outcome pathway (AOP), where key events to an in vivo 
endpoint of regulatory interest are fundamental to the use of any IATA. An example of a 
well understood AOP is the pathway that triggers skin sensitisaton. This mode-of-action 
(MOA) and the key events in the pathway have been well mapped out (Rovida et al., 
2015). Advances in other scientific disciplines are also furthering development of new 
scientific tools, which can be applied to toxicological evaluation. At the core of this 
scientific evolution are the fields of systems biology and computational toxicology. IATA 
uses scientific tools and techniques from a wide variety of disciplines. Krewski et al. 
(2014) tabulated a number of tools and techniques that have advanced over the years and 
are currently in use for several case studies. FutureTox II, a workshop held by the Society 
of Toxicology (SOT) in 2014, summarised the current status of in vitro and in silico 
predictive methods (Elmore et al., 2014). These scientific tools are at different stages of 
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completeness and are constantly evolving and improving. Some of these new approaches 
utilise computational approaches such as physiologically based pharmacokinetic (PBPK) 
modelling to weigh existing toxicity data, while others generate new toxicity data 
employing a vast array of in vitro approaches such as high-throughput screening (HTS) 
data. The US EPA have spent millions generating new in vitro HTS data in the ToxCast I, 
II and III programs (Knudsen et al., 2011; Sipes et al., 2013; Judson et al., 2014) as well 
developing new tools to integrate all types of data in a meaningful manner (Reif et al., 
2010, 2013). ToxPi GUI, a computational tool launched by the US EPA is an example of 
an interface that integrates all types of data from multiple sources into a visual format for 
chemical prioritisation (Reif et al., 2013). 

The applicability and ultimate acceptability of these tools in regulatory environments 
will be directly related to the engagement and participation of the international regulatory 
community in their development. The implementation and performance of  
proof-of-concept studies will bring confidence and familiarity to the new methods of 
generating data. A workshop held in Italy in 2013 brought together a group of experts 
from industry, the scientific community as well as regulatory, validation and government 
agency to discuss the current available technology for IATA, future directions and 
limitations. Skin sensitisation was used as a case study to demonstrate how IATA can be 
used, optimised and validated in a regulatory context (Rovida et al., 2015). An ideal 
IATA would be adaptable incorporating new types of data, as it becomes available and 
when required. 

Proof-of-concept studies highlight the significance of comprehensive and computable 
data. Andersen et al. (2011) outlined the advantages of a case study approach. 
Subsequently, important advances in these proof-of-concept studies have evolved to the 
point that IATA tools can now be used to make predictions about several acute toxicity 
endpoints. A recent workshop (Somma Lombardo, Italy, March 2–7th, 2014) entitled 
‘Advancing AOPs for Integrated Toxicology and Regulatory Applications’ discussed a 
case study example of the AOP of organophosphate and carbamate insecticides, where 
acetylcholinesterase (AChE) inhibition eventually led to acute mortality (Tollefsen et al., 
2014). This AOP has been clearly established in several species along with initiating and 
key events for adverse outcomes (Russom et al., 2014) and illustrates that a recognised 
AOP could be used for some regulatory purposes without testing of every key event. 
Other examples of proof-of-concept studies investigated whether the well-defined AOPs 
relevant in animals/non-animal systems translate into equivalent hazards in humans. Case 
studies of AOPs for liver cancer to identify human relevant MOA and key events for: 

1 aryl hydrocarbon receptor (AHR) (Budinsky et al., 2014) 

2 peroxisome proliferator-activated receptor alpha (PPARα) (Corton et al., 2014) 

3 constitutive androstane receptor (CAR) and pregnane X receptor (PXR) (Elcombe  
et al., 2014) were recently published. 

Scientists did not consider the latter two AOPs to be MOAs in humans for liver 
carcinogenicity. 

In the short-term, IATA approaches to evaluate acute toxicity pathway perturbations 
will likely become available. But progress will be slower in developing non-animal  
(non-in vivo) replacement approaches to long-term endpoints, such as carcinogenicity and 
reproductive toxicity. In the European research programme, the SEURAT-1 project has 
embraced a MOA framework to improve non-animal toxicity assessment and adopted a 
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case study approach that has shaped their research. A ‘conceptual framework’ has 
emerged, built on designing an integrated assessment strategy for case studies (Datson  
et al., 2015; Gocht et al., 2015). In the long-term, predictions based on the complete 
understanding of toxicological mechanism would be the ultimate goal, but in the near 
term these predictions need to be verified with data-rich case studies (Gocht et al., 2015). 
Realistically, it is likely that it will be at least a decade, and perhaps longer, before IATA 
approaches will have achieved the requisite technical refinement and won the confidence 
and endorsement of the regulatory communities. 

IATA tools can already be applied in a regulatory context for data-poor chemicals for 
which classical in vivo test methods cannot be implemented on any practical level. For 
example, Thomas et al. (2013) developed a margin-of-exposure (MOE) framework where 
data-poor chemicals are categorised based upon comparing extrapolated in vitro assay 
data (IVIVE and BPAD) to estimated exposures levels. An overlap of the two calculated 
doses determines whether further testing is required. With sufficient pharmacokinetic 
(PK) data, dosage for data-poor chemicals can be predicted from HTS assays 
(Wambaugh et al., 2013; Wetmore et al., 2013, 2015). In this respect, IATA approaches 
would seem to represent a substantial improvement of the safety database for data-poor 
chemicals for which regulatory decisions are often made on the basis of little or no 
primary data. 

The panel recognised that rapid advances in in silico and in vitro methodology now 
implies that thousands of chemical entities can at least be screened on a daily basis, 
compared to only 10–100 chemical entities that can be evaluated on an annual basis 
utilising conventional in vivo methods (Figure 1). 

Figure 1 Increasing throughput capacity 

 

Source: CCA (2012) © 2012 Council of Canadian Academies with 
permission 

The panel also recognised that IATA would: 

1 provide a pragmatic approach to address existing issues 

2 require a fundamental paradigm shift and represent a bridging paradigm 

3 transition away from one-size-fits-all whereby all chemicals, regardless of relevance, 
are subjected to the same suite of studies, to a refined and focused testing approach 
specific to the chemical entity 



   

 

   

   
 

   

   

 

   

   52 L. Ritter et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

4 focus testing on endpoints of concern rather than assessing the same endpoints for all 
chemicals 

5 leverage state-of-the-art tools and techniques, and includes advances in systems 
biology and computational toxicology. 

As illustrated in Figure 2, the panel was of the view that in silico and in vitro methods 
could be used to initially screen large numbers of chemicals while more toxicologically 
advanced in vitro and in vivo approaches could then be employed to identify hazards for 
high priority chemical entities identified in the screening process. 

Figure 2 The hazard identification paradigm 

 

Source: CCA (2012) © 2012 Council of Canadian Academies with 
permission 

This approach has been adopted to varying degrees by several European, Canadian and 
US regulatory agencies (Interagency Coordinating Committee on the Validation of 
Alternative Methods – ICCVAM, 2006a, 2006b). 

3.1 What is the current status of the use of ITS for the risk assessment of 
pesticides, pharmaceuticals, industrial chemicals, and other chemical 
substances by regulatory agencies around the world? 

While there are numerous examples where components of IATA have been applied in the 
safety assessment of industrial chemicals and personal care products, there does not 
appear to be any apparent instance where there has been a disciplined hierarchal 
application of IATA in a regulatory context. The Organisation for Economic  
Co-operation and Development (OECD), with its member countries, are making an effort 
to establish universal guidelines for validation of tests that represent IATA-based 
formats. The OECD has recently published guidance documents on IATA for skin 
sensitisation, corrosion and irritation (OECD, 2012a, 2012b, 2014). It appears clear that 
the regulatory application of the principles of IATA will vary as a function of the type of 
chemical in question and the nature of the decision-making processes that the data are 
intended to inform. For those chemicals which are characterised by a paucity of safety 
data – the so-called data-poor chemicals – the lack of traditional toxicological data to 
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assess safety may be the critical impetus for a new approach such as the application of 
IATA. A consensus among the scientific, industrial and regulatory communities would 
move IATA forward so that this type of testing could be used in a regulatory context 
(Rovina et al., 2015). 

In contrast, data-rich chemicals such as pesticides and prescription drugs, are already 
the subjects of an extensive array of elaborate and complex toxicity studies. Thus 
establishing the relevance and applicability of the ‘new’ science will invariably first be 
met with cynicism and the adoption of the principles of IATA will take longer and will 
almost certainly be influenced by our ability to build and establish trust in the new and 
novel methods which lack the history and track record of more conventional laboratory 
protocols which have now been in place, largely unchanged, for almost four decades. 
While the adoption of IATA strategies might contribute significantly to our 
understanding of the toxic potential of chemicals and enhance the reliability of the test 
outcome, there can be little doubt that widespread application of IATA will be met with 
doubts and is not likely to occur in the short term. 

The basic underpinning of the IATA approach is its reliance on the use of all existing 
data in order to identify and address data gaps, thereby informing evidence-based 
decision-making. It is therefore axiomatic that if the concept of an IATA is rooted in an 
understanding of the fundamental biological mechanisms that are the basis of a 
toxicological outcome, adoption of IATA strategies could lead to a more efficient testing 
template so that only those chemicals and endpoints for which there is a biological 
imperative for a particular chemical entity would be subjected to a costly and time 
consuming in vivo test. 

IATA necessitates a new approach to the development of test protocols and 
acceptance of these new methods by the regulatory community. It is critically important 
to recognise that alternative methods target specific cellular or physiological pathways. 
As such, new methods such as a HTS assay cannot be validated or directly compared 
with in vivo data in a one-for-one approach. Simply stated, IATA approaches target 
fundamentally different endpoints than classical in vivo studies, thereby rendering a one 
for one comparison between results from a classical toxicological protocol to an IATA 
derived endpoint entirely and scientifically implausible. The AOP approach sanctions the 
use of a suite of models or assays (and subsequent databases) that are designed to target 
key events along toxicity pathways. The next tier of toxicity testing would be based on 
the previous assay/dataset. Comparison of test outcomes for the different tiers with 
perturbations of toxicity pathways need to be based on known MOA. 

Thus far, computational toxicology, has been utilised predominantly in the regulatory 
decision-making for data-poor chemicals, pesticide formulants – the non-active 
components of pesticide formulations which typically include solvents, emulsifiers and 
other components which, by themselves, exert no apparent pesticidal activity – are typical 
of these types of chemical entities. As such, IATA continue to develop and gain 
acceptance within the scientific and regulatory communities, and it can reasonably be 
expected to see increased use of ITS in decision making, for a broad range of chemicals, 
including both data-poor and data-rich chemical entities. Integration of these novel and 
evolving scientific tools and technologies with existing data is a practical approach which 
could be used to strengthen the current regulatory model and bridge the conversion from 
in vivo research focused on apical studies to a hypothesis-driven approach, which focuses 
on the pathway or underlying mechanism of the adverse effect. 



   

 

   

   
 

   

   

 

   

   54 L. Ritter et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Although components of IATA have been used in a regulatory context, and the 
adoption of IATA strategies might refine and streamline testing of chemicals as well as 
enhance the reliability of the outcome, there are no known applications that can 
completely replace the entire current test requirements. As a result, it is unlikely that we 
can expect adoption of IATA in the short-term. Importantly, adoption and 
implementation of IATA will require a fundamental shift in the toxicological paradigm 
away from the evaluation of apical endpoints and toward an understanding of the AOP. 
Similarly, capacity building will also be crucial to develop proficiency, trust, and 
familiarity with the new methods and data. 

3.2 Could there be potential impacts on the public’s perception and confidence 
in regulatory risk assessment and risk management decisions for pesticides 
if ITS were implemented? 

Changes in regulations always raise concerns for both the regulated industry and for the 
general public who are the subjects to be protected by the evolving regulations. There can 
be little doubt that major concerns will be a characteristic of the implementation of the 
changes, which the new IATA tools will bring. Concerns will focus on whether these 
changes enhance the ability to identify the most important adverse risks to human health 
and environment or whether they compromise this ability in the interest of streamlining 
the government regulatory machinery and enhancing business profitability. It can 
reasonably be anticipated that the public will demand assurances that the new methods 
reduce overall uncertainties in the assessment of chemical risk and, where new 
uncertainties are introduced, that these will be addressed in ways, which are at least as 
precautionary as afforded by the current toxicological approach. 

Given the broadly based concern with pesticide safety, it is reasonable to expect that 
any change in regulatory requirements would generate public concerns about whether 
these new processes are sufficient to protect human health. Public reassurance should be 
a major focus for regulators. Any changes made to the existing paradigm of safety 
assessment need to provide proof that the new processes in place involve reliable 
assessments of health and environmental risks rather than sacrifice safety for social or 
economic benefits. In addition, streamlining the processes should be regarded as a means 
of demonstrating that the back log of thousands of data-poor chemicals includes a means 
of prioritisation whereas none was in place before. 

The pros and cons of the current and new system of chemical risk assessment needs 
to be transparent and understandable to general public. Many concerned stakeholders will 
evaluate any change against historical benchmark doses irrespective of the imperfections 
and uncertainties already inherent in the current testing paradigm. 

Regulators will need to consider issues of key importance to the general public. For 
example, will the new IATA tools be used to supplement (and thus strengthen) the 
current system or to replace it?; What scientific uncertainties in the current system of 
chemicals management are reduced by the implementation of new IATA tools?; What 
new uncertainties are introduced by the use of these tools?; How will the changes in the 
scientific uncertainties be handled in the regulatory process?; Will the current ‘margins of 
safety’ used in the in vivo toxicity testing regime be reduced?; And will safety standard 
thresholds be reduced with respect to certain kinds of chemicals? 
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The CCA Panel report indicates that the new IATA tools should only be introduced in 
a supplementary manner into the regulatory system. This would test the reliability of the 
new methods, and increase public confidence in the regulation of chemical pesticides. 

Transparency would be a decisive strategy in building public confidence in the 
regulatory system as IATA tools are employed. It is important that the new tools are 
accompanied by proof-of-concept case studies which provide clear and accurate 
demonstration that IATA works. 

The panel was of the view that: 

1 transparency is critical 

2 the public will need to be reassured that the new methods are at least as 
precautionary as those in the current system 

3 in order to build public confidence, it is important that IATA be introduced 
incrementally and the new tools explained as clearly and accurately as possible. 

4 Conclusions of the panel 

The panel concluded that the transition to an integrated approach to toxicity testing could 
significantly enhance the existing regulatory framework, particularly for data-poor but 
also for data-rich chemicals and this paradigm shift will necessitate a new and transparent 
approach to test development, validation, and regulatory acceptance on a national and 
international scale. 

The active participation and meaningful engagement on the part of regulatory 
authorities, the regulated community, and other stakeholders in order to shape and adopt 
new approaches would be needed. 

In addition, the panel also concluded that IATA would move testing away from 
describing the end point of what happens, towards an explanation of the mechanism of 
how it happens. The problem of the backlog of data-poor chemicals would also be 
addressed. IATA would permit the integration of new science into the existing regulatory 
framework and augment the reliability of existing testing practices. 

IATA strength lies in the breadth of information that is used to understand a 
toxicological profile of a chemical. 

Importantly, the panel also noted that it was not aware of a complete set of alternative 
methods that could replace the entire testing paradigm today (even for data-poor 
chemicals), but noted that the state of the science is evolving rapidly. With the continued 
development of such tools and approaches, the panel expects to see increased use of ITS 
in decision making, with an eventual adaptation to inform decisions involving data-rich 
chemicals. 

While the panel felt that adoption of IATA strategies will be slow, several initiatives 
are ready, or nearly ready in the short term, for implementation. The status of various 
initiatives is illustrated in Figure 3. 
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Figure 3 The road ahead 

 

Source: CCA (2012); © 2012 Council of Canadian Academies with 
permission 
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